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Abstract

Four crude oil samples representing the Jurassic sandstone sequence were collected from several wells in the Shabwah depres-
sion and analyzed using conventional geochemical and physical methods. The results were used to evaluate the oil samples,
focusing on the characteristics of their source rocks, including the origin of organic matter input, redox depositional condi-
tions, and degree of thermal maturity. The observed physical results show that the examined oils are light crude oils owing
to their high American Petroleum Institute (API) gravity of 35.0—40.1°. The high API gravity and aliphatic hydrocarbon
fraction indicate that the examined oils were generated from mature source rocks. The biomarkers of n-alkane, isoprenoid,
hopanoid, and steroid with the §'°C isotopic compositions suggest that the oil samples were sourced from clay-rich rocks
containing mixed organic matter with high contributions of marine organic matter and deposited under suboxic to relatively
anoxic environmental conditions. The biomarker maturity indicators also suggest that the oil samples were generated from
mature source rocks. According to the biomarker environmental indicators and 6'*C isotopic compositions, the oil samples
are from the Late Jurassic Madbi shale source rock.
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Introduction

The study area, the Shabwah depression in the central part
of the Sabatayn Basin (Fig. 1A), is a promising area for
hydrocarbon (HC) exploration, with minimal oilfields being
exported (Fig. 1B). The oilfields in the Shabwah depression
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are prominent HC fields in northern Yemen and are managed
by the Oil and Mineral Ministry in Yemen. Exploration has
been initiated by Technoexport and American Occidental oil
companies since 1983, aiming to test the source and reser-
voir rocks (SPT, 1994).

The Shabwah depression is composed of sedimentary
rocks, including organic-rich shale intervals, belong-
ing to the Late Jurassic Madbi and Late Jurassic-Early
Cretaceous Naifa and Early Cretaceous Saar formations
(Fig. 2). The source rock potentials of these clay-rich
rocks and their ability to generate petroleum in differ-
ent parts of the Shabwah depression have been inves-
tigated and reported recently (e.g., Hatem et al. 2016;
Al-Matary et al. 2018; Hakimi et al. 2020a b). These
studies indicate that Jurassic clay-rich rocks within the
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Fig. 1 A The main sub-basins (e.g., Al-Jawf, Marib, and Hajar) and the Shabwah depression in the Sabatayn rift system basin, Yemen and B
Location map of exploration blocks in the Shabwah depression, including the studied wells

Late Jurassic Madbi and Late Jurassic-Early Cretaceous  rocks contain mainly types II and I kerogen; thus, they are
Naifa Formation were generally deposited in a marine  likely to be high oil-prone source rocks (e.g., Hatem et al.
environment setting under low-oxygen conditions. These =~ 2016; Hakimi et al. 2020a b). Other organic-rich shales
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Fig.2 Seismic cross-section in the Ayad Block 4 showing two representative trapping styles and general structural style across Marib-Shabwah

Basin (modified after Brannan et al. 1999)

within the Early Cretaceous are a mixture of organic mat-
ter of types II and III kerogen and are considered both
oil- and gas-prone source rocks (Al-Matary et al. 2018).
The organic-rich shale intervals within the Late Juras-
sic Madbi Formation are effective source rocks in the
Shabwah depression, corresponding to the oil-generation

window’s moderate maturity (Hakimi et al. 2020a).
Hence, exploration activities for conventional petroleum
resources have intensively focused on organic-rich shale
intervals within the Late Jurassic Madbi Formation. The
biomarkers of the seep oils in the Shabwah depression and
their relationship with probable source rocks have also
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been investigated (e.g., Hakimi et al. 2019). However, lit-
tle attention has been paid to the produced oil from wells
and their characteristics, such as organic matter input,
depositional environments, and degree of biodegradation
and thermal maturity.

In this study, we investigated the characteristics of
crude oil samples from wells in the Shabwah depression to
obtain more information on the oil composition. Their ker-
ogen forms and level of normal alterations, the origin of
organic matter input, and depositional conditions of their
probable source rocks are also investigated. In addition,
we investigated the geochemical oil-oil and oil-source-
rock correlations with their relevance to a broad perspec-
tive in exploring conventional petroleum resources. In this
regard, four crude oil samples from explored wells (West
Ayad-01, West Ayad-02, West Riyam-1, and Kharwah-01)
in the Shabwah depression (Fig. 1B) were collected and
subjected to multiple geochemical and physical analyses.

Geological setting

The Shabwah depression belongs to the Sabatayn rift sys-
tem (Fig. 1A), which was associated with the Mesozoic
disintegration of Gondwana during the Late Jurassic to
Early Cretaceous (Redfern and Jones 1995; As-Saruri et al.
2010). The initial rifting event occurred during the end of
the Jurassic and accelerated into the beginning of the Creta-
ceous time, followed by intermittent rifting and sagging of
the basin along with sea-level incursions and withdrawals
(Redfern and Jones 1995). These tectonic rifting events are
manifested by several normal faults and are associated with
many structural highs (horsts), lows (grabens), and tilted
blocks (Fig. 3).

The Shabwah depression is filled by the Middle to Late
Jurassic sedimentary sequences, followed by Cretaceous
to Paleocene clastic and carbonate sediments punctu-
ated by unconformities of different magnitudes and ages
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Fig.3 Generalized stratigraphic column of Pre-Cambrian—Tertiary sequences in the Shabwah Shabwah depression
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(Fig. 2). These deposits are mainly related to the pre-, syn-,
and post-rift tectonostratigraphic phases (Fig. 2). The pre-
rift package includes the Kuhlan and Shuqra Formations
with conformable contact (Fig. 2). The middle Jurassic
Kuhlan Formation unconformably lies on Precambrian base-
ment rocks (Fig. 2) and comprises continental and transgres-
sive marine sandstones (Beydoun et al. 1998; Al-Wosabi
and Al-Mashaikie 2006; Al-Hasani et al. 2018). The upper
part of the Kuhlan Formation is conformably overlain by
the carbonates of the Middle to Late Jurassic Shuqra For-
mation, which is composed of marine sediments, includ-
ing limestone and calcareous shales (Fig. 2). The Shuqra
Formation is, in turn, overlain unconformably by the Late
Jurassic syn-rift sediment package (Fig. 2). The Madbi For-
mation is composed of several lithologies, including shallow
marine sandstones, turbidites, and organically rich shales.
It is divided into two members from base to top, namely,
Meem and Lam, with a conformable contact (Fig. 2). The
Madbi Formation is conformably overlain by a mixed evapo-
rite—clastic sequence of the Late Tithonian Sabatayn For-
mation (Fig. 2). Mixed carbonate and shale deposits of the
latest-Jurassic—earliest-Cretaceous-Naifa Formation succeed
the Sabatayn Formation with a conformable contact (Fig. 2).
The Naifa Formation, along with the unconformably overly-
ing post-rift package of carbonate and clastic sedimentary
rocks, ranging from Cretaceous to Paleocene in age (upper
Naifa, Saar, Qishn, Fartag/Harshiyat, Mukalla, and Umm Er
Radhuma Formations), is shown in Fig. 2.

Samples and geochemical methods

Four oil samples were collected from sandstone reservoir
rocks of the Middle to Late Jurassic Sabatyen and Kuhlan
Formations. The samples were collected from four explo-
ration wells (West Ayad-01, West Ayad-02, West Riyam-
1, and Kharwah-01) in the Shabwah depression (Fig. 1B).

For American Petroleum Institute (API) gravity analysis,
approximately 5 ml of each oil sample was analyzed using
a hydrometer. This analysis was conducted at Simon Petro-
leum Technology Limited Laboratories, UK, and the results
are made available through the Petroleum Exploration and
Production Authority (PEPA) of the Republic of Yemen.

The oil samples were subsequently subjected to fraction-
ation processes, and the bulk compositions, including ali-
phatic, aromatic, and polar components, were determined by
the liquid column chromatography separation using different
polarity solvents. Gas chromatography (GC) was performed
on the aliphatic fractions of the four oil samples using an
AMS-92 column, with a temperature ranging from 70 to
270 °C at a rate of 3 °C/min and a holding time of 20 min
at 290 °C.

Among the samples, the aliphatic HC fraction was sub-
jected to gas chromatography—mass spectroscopy (GC-MS)
analysis. GC-MS analysis was performed using a Finnegan
4000 mass spectrometer with a gas chromatograph attached
directly to the ion source with a temperature range of 60 °C
to 300 °C at a rate of 3 °C/min and a holding time of 20 min
at 300 °C. GC-MS analysis was employed to assess the bio-
logical marks of organisms in the saturated and aromatic HC
fractions using specific ions, such as m/z 191 and 217 mass
fragmentograms. The peak assignments of the specific ions
were identified by comparing the retention times and mass
spectra of the monitored ions with those of previous studies
(Philp 1985; Peters and Moldowan 1993; Hakimi et al. 2012;
Makeen et al. 2015).

In addition to GC and GC-MS analyses, the bulk 5'°C
composition in the aliphatic and aromatic fractions of the
examined oil samples was measured. Bulk §'3C of the ali-
phatic and aromatic HC fractions was measured using a VG
602 stable isotope mass spectrometer following the stand-
ard procedure of the Simon Petroleum Technology Limited
Laboratories, UK. The '*C/!*C isotope ratio of CO, from
a sample was compared with a corresponding reference
(NBS22 standard), calibrated against the PDB standard.

Results and discussion
Bulk composition

The bulk compositions of the oil samples were fractionated
into saturates, aromatics, and polar (NSO) components, and
their relative proportions were measured (Table 1). The
distributions of the oil compositions show that the oils are
dominated by a saturated fraction, with a volume fraction
of 39.00—60.50%. Significant amounts of aromatic HC are
also present in the range of 30.90—51.50% volume; only one
sample has a lower aromatic component of 11.49% volume
(Table 1). The examined oil samples also have relatively
small polar components (NSO) in the range of 8.60-38.76%
volume (Table 1). Three oil samples have low NSO com-
ponents in the range of 8.60-13.10% volume, and the other
sample has the highest NSO of 38.76% (Table 1). The high-
est NSO of this oil sample suggests that the oil is less mature
than the other three samples with low NSO content because
the NSO decreases with thermal maturity. The relative per-
centages of the oil composition for the samples are plotted in
a ternary diagram of Tissot and Welte (1984), and it suggests
that the oil samples are paraffinic oils (Fig. 4).

API gravity data

Specific gravity provides genetic information and classifies
crude oils. Herein, the API gravity was calculated using the
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following equation: API=(141.5/SG) —131.5, where SG is
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Fig.4 Ternary plot of saturated
and aromatic hydrocarbon frac-
tions with polar components
obtained from the examined
oils, indicating that the oil
samples are primarily paraffinic
oils (modified after Tissot and
Welte 1984)
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Moldowan 1993; Peters et al. 2005; Hakimi and Abdullah
2013; Snowdown et al. 2016).

The distributions of n-alkane and isoprenoid of the
oil samples were obtained from the GC chromatograms
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API gravity

(Fig. 7A), and their ratios and parameters are listed in

Table 2. HC in the oil samples showed a unimodal distribu-

tion with a full range of normal alkane compounds between
C,, and C;5 and acyclic isoprenoids of pristane and phytane
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(Fig. 7A), suggesting that the oils are from source rocks con-
taining high marine organisms and some terrestrial organic
matter inputs (Cranwell 1977; Gelpi et al. 1970; Brassell
et al. 1978; Eglinton and Hamilton 1967). Moreover, the
interference of the organic matter input is in line with the
carbon preference index (CPI) (Peters et al. 2005). CPI of
most oil samples ranges between 0.84 and 1.02 (Table 2),
indicating a high contribution of marine organic matter
input.

The degree of waxiness was also determined using the
following equation: waxiness degree = Z(n-C,,—n-C5,)/Z(n-
C,5—n-C,). The waxiness of the oil samples is (0.87-2.50),
further suggesting the presence of marine organic matter, as
the relative abundance of waxiness level is typically indica-
tive of organic matter derived from land plants (Connan and
Cassou 1980; Johns 1986).

In addition to n-alkanes, the chromatograms of the oil
samples are distinguished by a significant amount of acy-
clic isoprenoid HCs, i.e., pristane (Pr) and phytane (Ph)
(Fig. 7A). Pr is greater than Ph, with a Pr/Ph ratio of
1.03—1.40 (Table 2). The isoprenoid ratio provides informa-
tion about the paleodepositional environment as an indicator
of redox conditions and organic matter input (Didyk et al.
1978; Haven et al. 1987; Chandra et al. 1994; Peters et al.
2005; Tserolas et al. 2019; Yi et al. 2020). The Pr/Ph ratio
of the oil samples (1.03—-1.40) indicates that the source rocks
for the oils were deposited in transitional environments and
preserved under suboxic to relatively anoxic depositional
conditions. Isoprenoid ratios relative to n-alkane concentra-
tions (C,,—C,g) were also measured as Pr/n-C,; and Ph/n-C,4

@ Springer

ratios, and they are in the range of 0.55-0.78 and 0.56-0.64,
respectively (Table 2). These isoprenoid ratios further sug-
gest that the oil samples were obtained from source rocks
containing a mixture of organic matter, with high contribu-
tions of marine organic matter (Fig. 8A), and deposited in
transitional environments under suboxic to relatively anoxic
conditions (Fig. 8B). The isoprenoid Pr/Ph ratio, CPI param-
eter, and waxiness degree support the high contribution of
marine organisms and some amount of terrestrial organic
matter input in the source rocks (Fig. 9).

The biomarkers of hopanoid and steroid compounds were
also present in the saturated HC fraction of the oils samples.
They were obtained from m/z 191 and 217 mass fragmento-
grams (Figs. 7B and C).

The mass fragmentograms of m/z 191 for the oil sam-
ples show a large amount of hopanes compared to tricyclic
terpanes (Fig. 7B), which are dominated by C;, hopane,
C,y norhopane, and homohopanes of C;,—C;5, respectively
(Fig. 7B). The high abundance of C;, hopane compared to
C,y norhopanes in the oil samples resulted in low C,¢/C5
hopane values of less than 1, suggesting that the oils were
generated from clay-rich source rocks (Giirgey 1999). The
homohopanes of C;,—C;5 from the oil samples are domi-
nated by C;; and decline to C;5 homohopanes (Fig. 7B).

The 17a (H)-trisnorneohopane (Tm) and 18a (H)-tris-
norneohopane (Ts) are important biomarkers and further
used to provide information on both organic matter input
and facies and maturity (Moldowan et al. 1985; Alias et al.
2012; Sarki Yandoka et al. 2015). The relative abundance of
Tm is indicative of organic matter derived from land plants
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Fig.7 Gas chromatograms,m/z
191 and 217 mass fragmento-
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(e.g., Alias et al. 2012; Sarki Yandoka et al. 2015). In this
regard, the higher proportion of Ts than Tm in the m/z 191
mass fragmentogram of the analyzed sample is observed
(Fig. 7B) and suggests the presence of marine organic matter
with little amounts of plant input (Alias et al. 2012; Sarki
Yandoka et al. 2015).

Furthermore, the steroid compounds derived from the
m/z 217 mass fragmentogram are important biomarkers
that provide information about the organic matter input
(Huang and Meinschein 1979; Schwark and Empt 2006).
The m/z 217 mass fragmentograms of the oil samples show
the comparative abundance of standard regular steranes
of C,;—C,y, which are characterized by a high amount of

C,y and C,; regular steranes relative to C,q regular ster-
ane (Fig. 7C). The relative proportion of C,q, C,;, and
C,g regular steranes was estimated to be 43.5-46.7%,
32.1-37.7%, and 14.2-22.2%, respectively (Table 2).
These distributions of C,;—C,q4 regular steranes suggest
high contributions of planktonic-bacterial organic matter,
as demonstrated by the ternary diagram of regular steranes
(Fig. 10). Further, the dominance of the C,; and C,4 regu-
lar steranes in the analyzed oil samples is a good indicator
of the presence of red and green algae during the accumu-
lation of the source rock (Schwark and Empt 2006). The
C,,/C,4 and Pr/Ph ratios further suggest a mixed organic
matter with a high contribution of marine organic matter
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accumulated under suboxic to oxic environmental condi-
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E g g i ot The physical properties indicate that the oil samples are not
= 12 & PARRER 5 ] heavy but light oils, thus they were not biodegraded. The
s § ;3 % < relatively high API gravity of greater than 22° indicates the
3 3 ;‘;’05@ & § E ;r' ; a % absence of biodegradation (Wang et al. 2021). In addition
é £ _§ 3 to API gravity, the high abundance of aliphatic and aromatic
2 g 5 § § § § 9 QO“ HCs compared with NSO compounds (Table 1) indicates the
g £ =7 absence of biodegradation.
O ®© 2 . . .
& ?, = 33 E ol I O Furthermore, the biodegradation of the oil samples was
2, 2 = % assessed using the distribution of normal alkanes and acyclic
§ B |o © o © o §>; isoprenoids (Connon 1984; Head et al. 2003; Peters et al.
i L= N on N N U
B g = S o oS o § 2 2005; Larter et al. 2005). The distribution of HCs generally
= | . . . . .
£ = = R indicates that the oil samples were not biodegraded, which
ks B8 AeITR|EL is consistent with the full complement of light and heavy
@ ] A S o o O L . . .
2. | & ij n-alkanes ranges between C,, and Cs5 and isoprenoids with
Q
E % ‘S § 298¢% § % a straight baseline (Fig. 7A).
g = A~ e In addition to biodegradation, the degree of maturation
g% g % g for the oil samples was assessed using the oil composition
§ N o o v o = § and API gravity. The bulk oil composition can also be used
s |2 5 . . . .
% = é‘ a § 2 E O to predict the thermal maturity of their possible source rocks
B E & i (Killops et al. 1998). Relatively high content of polar com-
32 S S T | 52 ponents (resins and asphaltenes) indicates low maturity of
Q= << E3|¢8 g .
@ 'c% % % ,5 5| g2 source rock because polar components decrease with the
N = . .
24|35 2 9 § g é thermal maturity (Killops et al. 1998; Egbo et al. 2020).

(9] Lo O O ] . . . . . .

c2 B z ez 9| &L Herein, the oil samples showed high HC fractions (aliphatic
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Fig.8 Geochemical biomarker 3 T T
results of the examined oil A : : [ West Ayad-01
samples and extracted Madbi . ] @ West Ayad-02 o
shale samples from Shabwah 1 | @ West Riyam-1 | Fxamined oils
depression: a pristane/phytane 25 : : /A Kharwah-01
versus pristane/n-C; and b i . = Madbi shale source rock
pristane/n-C, versus phytane/n- 1 1
C,g (from Shanmugam, 1985), AI :
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and aromatic HC) compared with other polar components,
indicating that the oils were generated from a mature source
rock, corresponding to the VRo values between 0.70 and
0.90%, as demonstrated by the plots of the saturate, aromatic,
and polar portions on the Tissot and Welte (1984) diagram
(Fig. 12). This indicates that the HC (aliphatic 4+ aromatic)
fractions increased with a decrease in NSO components due

Ph/n-Cs

to the thermal alteration of organic matter input the source
rock (Egbo et al. 2020).

The mature stage of the probable source rock is also con-
sistent with the API gravity (Table 1), and there is a positive
correlation between saturated HCs and API gravity, with
the R? value of 0.78 (Fig. 13). Therefore, the proportion of
saturated HCs and API were increased with maturity.
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«Fig.9 Geochemical biomarker results of the examined oil samples
and extracted Madbi shale samples from Shabwah depression: a
pristane/phytane versus CPI and b pristane/phytane versus waxiness
degree, further indicating that the examined oils were generated from
source rocks containing marine organic matter

Furthermore, the maturity biomarker, namely, the 22S/
(228 4+ 22R) ratio of C;, homohopanes, moretane to hopane
(C5yM/C5,H) ratio, Ts/Tm ratio, and C,q sterane the 20S/
(20S +20R) and pp/(BP + aa) ratios, were derived from
the distribution of terpanes and steranes in the m/z 191
and 217 mass fragmentograms (Fig. 7B and C). These bio-
markers and ratios are the most reliable biomarker ratios in
the analyzed oil samples and generally detect the maturity
level between early mature and mature levels (Seifert and
Moldowan 1978, 1981, 1986; Mackenzie et al. 1980).

The C;, homohopane ratio applies to equilibrium points
and reaches a maximum of 0.65 (Seifert and Moldowan
1986). Thus, the immature zone of source rocks is repre-
sented by a Cs, ratio of less than 0.50, and early to mod-
erate mature source rocks have a Cs, ratio of 0.50-0.58.
An equilibrium point of more than 0.58 indicates peak oil
window and high maturity stages (Seifert and Moldowan
1986). Based on this scale, the examined oils are thermally
mature and have reached moderate to peak maturity stages
of the oil-generation window, with a C;, hopane ratio of
0.54-0.57 (Table 2).

The thermal maturity stage of the analyzed oil samples
is also demonstrated by the C,q 20S/(20S +20R) and gp/
(Bf+ aa) sterane ratios (Seifert and Moldowan 1978, 1981,
1986). C, 20S/(20S +20R) and pp/(Bf + aa) sterane ratios
of greater than 0.35 and 0.40, respectively, suggest a source
rock in the oil window maturity level (Hakimi et al. 2012;
Gharib et al. 2021). Herein, the C,q 20S/(20S +20R) and 35/
(fp+ o) sterane ratios for the oil samples are in the ranges
of 0.44-0.48 and 0.50-0.53, respectively (Table 2), indi-
cating mature source rocks (Fig. 14A). In addition, the C;,
hopane ratio was combined with the C,q Bf/(ff + aa) sterane
ratios, and the result further suggests an early to moder-
ate mature source rock, consistent with the VR values of
0.50-0.80% (Fig. 14B).

Ts/Tm and C;, moretane/Cs, hopane (C;,M/C;,H) ratios
were also used to evaluate the thermal maturation of the
source rocks (Mackenzie et al. 1980; Peters et al. 2005;
Roushdy et al. 2010; Nady et al. 2014). According to Peters
et al. (2005), during catagenesis, C,; 18 a- trisnorhopane
(Ts) is more stable than C,; 17 a- trisnorhopane ratio (Tm).
The mass fragmentograms of m/z 191 (Fig. 7B) show that
the Ts/Tm ratio ranges from 0.67 to 1.99 (Table 2). These
Ts/Tm and C;,M/C;,H ratios were used to evaluate the ther-
mal maturation (Mackenzie et al. 1980). The Ts/Tm ratio
and low CM30/C30 ratio of less than 0.15 for the analyzed

oil samples (Table 2) confirm mature source rocks in the
range of early to peak oil window maturity (Fig. 14C).

The CPI values derived from the distribution of normal
alkanes were also used to evaluate the thermal maturation
of the analyzed oils and their source rocks. Although CPI is
affected by source facies (Peters et al. 2005), it can be used
as an indicator of thermal maturity (Bray and Evans 1961).
According to Bray and Evans (1961), CPI decreases with an
increase in thermal maturity, with values close to unity indi-
cating mature source rocks (Bray and Evans 1961). Consist-
ent with previous maturity indicators, the CPI range of the
oil samples was 0. 90—1.05, indicating that the oil samples
were generated from mature source rocks.

Geochemical correlations (oil-oil and oil-source
correlations)

The degrees of the genetic link of oils and their source
rocks were demonstrated by the physical and geochemical
properties of the oil in this study and a previous study by
Hakimi et al. 2020a b). The lipid biomarker distributions,
8'13C isotopic compositions, and physical properties of the
oil samples were used to assess the characteristics of the oil
samples. Then, the oil-oil and oil-source rock correlations
were determined. There was a positive oil-oil correlation,
and the oil samples appeared to have been generated from
a single source rock, as indicated by the clustering of their
physical and geochemical properties (Figs. 2 and 3). The
source rock is speculated to be a clay-rich facies consisting
of mixed organic matter with a high accumulation of marine
organic matter and deposited in a marine environment under
suboxic to relatively anoxic conditions, which is consistent
with the results of molecular biomarkers and §'*C composi-
tions of saturated and aromatic HC fractions. The oil sam-
ples are geochemically similar and consistent with those of
the Late Jurassic Madbi shale source rock, as indicated by
the clustering of their environmental biomarker indicators
and 6"°C isotopic compositions (Fig. 5-14). The cluster-
ing of their molecular and §'°C isotope results indicates a
positive oil-source-rock correlation, suggesting that the oil
samples were generated from the Madbi shale source rock
at sufficient maturity levels.

Conclusions

In this study, we investigated the geochemical and physical
properties of oil samples from several wells in the Shabwah
depression and characterized source rocks, including the
origin of organic matter input, redox depositional condi-
tions, lithology, and degree of thermal maturity. Based on
the obtained results, the following conclusions are drawn:
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Fig. 10 Ternary diagram of
regular steranes (C,,—C,g) in
the examined oil samples and
extracted Madbi shale samples
from Shabwah depression,
indicating the relationship
between sterane compositions,
concerning organic matter input
(modified after Huang and
Meinschein 1979)

Fig. 11 Cross-plot for Pr/

Ph versus the C,5/C,q regular
sterane ratio of the examined oil
samples and extracted Madbi
shale samples from Shabwah
depression, which further infers
a mixed organic matter input,
with high contributions of
marine organic matter
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2. The oil samples were derived from a clay-rich source

1. The oil samples have a high API gravity of 35.0-40.1°
and are considered light crude oils. The API gravity and
high aliphatic HC indicate that the oil samples were gen-
erated from the mature source rock.
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Fig. 12 Ternary diagram
showing the gross composition
(saturated, aromatic and polar)
of the analyzed samples, sug-
gesting mature oils (modified
after Peters et al. 2005)
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onstrated by the lipid biomarkers, in particular, the nor- 4. The oil samples are geochemically similar and consistent

mal alkanes, isoprenoids, terpanes, and steranes together
with the 6'°C isotopic compositions.
3. Both physical and geochemical parameters suggest that

with those of the Madbi clay-rich source rock, as indi-

cated by the clustering of their environmental biomarker

the examined oils were not altered by biodegradation
and were generated from the mature source rock.

indicators and 6'°C isotopic compositions.
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Fig. 14 Biomarker matu-

rity ratios of the analyzed

oil samples: A C,, sterane
20S/(20S +20R) versus g/
(BB +aa), B C;, hopane 22S/
(22S +22R) versus Cyq sterane
Ppl(PP+aa), and (C) Ts/Tm
ratio versus CM;,/C; ratio,
showing that the oils were
generated from a mature source
rock, ranging from a moderate
to peak oil-generation window
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