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The Say�un–Masila rift, one of the most important basins of Yemen, contains unconventional
resources of organic-rich rocks. In the present work, geochemical and palynofacies analyses
were performed on the organic-rich source rock (argillaceous limestone) of the late Jurassic–
early Cretaceous Naifa Formation in the Say�un–Masila Rift Basin to investigate its
hydrocarbon generation potential. The geochemical analysis of the organic matter reveals
that the argillaceous limestone unit has total organic carbon contents of 0.5–2.6%, which
indicate fair to good hydrocarbon source potential. The organic matter in the analyzed
samples is dominated by Type II/III and Type III kerogens, with minor Type II kerogen,
referring to both oil- and gas-prone source rocks. The dominant kerogen Types II/III and
Type III are indicated further from quantitative results based on an open pyrolysis–gas
chromatography analysis. Biological markers and palynofacies analysis suggest that the
kerogen was formed through a combination of mixed marine and high land plant organic
matter and was preserved under sub-oxic sedimentary conditions. The different geochemical
and optical maturity parameters indicate that the analyzed argillaceous limestone of the
Naifa Formation is thermally mature, equivalent to early mature of oil-generation window.
This implies that the burial depth of the analyzed samples is not deep enough; therefore,
only the deeper parts of the Naifa source rocks at the basin have reached a satisfactory
maturity level to be considered as potentially effective petroleum source rock. The bio-
marker source and depositional environment indicators presented and discussed in this study
are useful for future exploration in the Say�un–Masila Basin for oil-to-oil and oil-to-source
geochemical correlations and offer guidance for potential prospecting targets that may occur
within the basin.

KEY WORDS: Naifa Formation, Organic-rich argillaceous limestone, Geochemical analyses, Palyno-
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INTRODUCTION

This study was conducted on sedimentary rocks
exposed in the west central portion of the Say�un–
Masila Rift Basin (Fig. 1a). This basin is located at
the eastern province of Yemen. It is a highly
promising target for hydrocarbon exploration and
development (Fig. 1a). The Mesozoic sedimentary
succession in the Masila Basin of Yemen is a prime
target for new petroleum discoveries by many oil
companies (Fig. 1b). It comprises many stratigraphic
layers with many unconventional resources and
good source rock characteristics (Madbi, Naifa and
Saar Formations). The Late Jurassic Madbi Forma-
tion is regionally exposed throughout the Say�un–
Masila Basin and has been subjected to extensive
investigations and identified to be a major source
rock in the area (Hakimi et al. 2010b, 2011, 2012a;

Al Areeq et al. 2011; Bawazer et al. 2018). However,
little has been reported on the evolution of the
younger Mesozoic sedimentary successions in the
Say�un–Masila Basin (i.e., the Naifa and Saar For-
mations) in terms of organic facies richness, thermal
maturity, and sedimentary conditions, in relation to
the hydrocarbon generation potential.

In the present study, the younger Mesozoic
deposits of the Naifa Formation are investigated
using geochemical and optical methods. The main
aim was to evaluate the source rock potential of this
formation by determining its organic matter type/
richness, thermal maturity and type of possible
generated hydrocarbons. Although mainly used for
determining the source rock potential in the studied
formation, the biomarker and palynofacies data also
provided information regarding the organic matter
sources (marine, lacustrine, terrestrial) and paleo-

Figure 1. (a) Map of main sedimentary basins in the Republic of Yemen (modified after Beydoun et al. 1998) showing locations of the

study area and the studied wells. (b) Regional stratigraphy of the Say�un–Masila Basin, Eastern Yemen (compiled from Hakimi et al.

2011). (c) Structural cross section across Kharir oilfields, showing the main structural types in the Say�un–Masila Basin (modified after

SPT 1994).
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depositional conditions, in terms of oxygenation le-
vels (e.g., anoxic vs. oxic). The outcomes of this
study enhance our current knowledge and under-
standing of the basin for better prediction of new
source rock targets, which would be beneficial to
further hydrocarbon exploration activities in the
basin.

GEOLOGICAL SETTING

Yemen includes numerous offshore and on-
shore sedimentary basins (Fig. 1a), which are related

to and generated mainly by plate tectonics activities
that began at the end of the Jurassic and beginning
of the Cretaceous when southern Gondwana broke
apart and continued into the Oligocene–Miocene
with the formations of the Gulf of Aden and the Red
Sea (Redfern and Jones 1995; Beydoun et al. 1998;
Csato et al. 2001).

The Say�un–Masila Basin is an onshore rift ba-
sin. It occupies the east central province of Yemen
in the Hadhramaut region (Fig. 1a) and is associated
with the Mesozoic disintegration of Gondwana
(Redfern and Jones 1995). The initial rifting event
occurred during the end of Jurassic and accelerated

Figure 2. Map view of palynofacies during the late Jurassic to early the Cretaceous for the Naifa Formation in the sedimentary basins of

Yemen (modified after SPT 1994).
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into the beginning of Cretaceous. This was 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 associ-
ated with many structural highs (horsts), lows (gra-
bens), and tilted blocks (Fig. 1c), which are
considered to be major structural bodies for hydro-
carbon trapping (King et al. 2003; Hakimi et al.
2012b). The filling of the basin began in Jurassic and
continued until the Tertiary and resulted in deposi-
tion of a thick sedimentary succession that was
controlled by the interplay of both tectonic activities
and sea level fluctuation (Fig. 1b).

The Jurassic units are represented mostly by
continental to marine deposits of the Kuhlan For-
mation, which overlies unconformably the Precam-
brian basement rocks (Fig. 1b). The composition of
Kuhlan Formation is mainly fluvial arkosic sand-
stone, which grades vertically into a shallow-marine
carbonate series (Shuqra Formation) (Beydoun
et al. 1998; Al-Wosabi and Al-Mashaikie 2006). The
Late Jurassic Shuqra Formation underlies con-
formably the Madbi Formation and consists of fos-
siliferous marl-dominated neritic carbonate deposits
(Beydoun et al. 1998) (Fig. 1b). During late Jurassic,
commencing in the Kimmeridgian, renewal of tec-
tonic uplifting of the basin flanks accompanied by
sagging of the basin and relative sea level rise re-
sulted in a new cycle of sedimentation beginning
with the basal sandstone facies of the Madbi For-
mation followed by relatively deeper carbonates and
shale facies (Beydoun et al. 1998). According to
recent geochemical investigations in the basin, the
upper part of the Madbi Formation is composed of
organic-rich shale that is mainly oil-generating, and
marine in origin (Mills 1992; Hakimi et al. 2010a, b,
2011; Al Areeq et al. 2011; Al Areeq and Maky
2015; Hakimi et al. 2016). A mixed carbonate and
shale marine sequence of the Naifa Formation was
deposited during the latest Jurassic–earliest Creta-
ceous (Beydoun 1964; Beydoun et al. 1998). The
Naifa Formation is exposed mainly in the onshore
and offshore basins of Yemen and is composed of
mainly carbonates and siliciclastics such as calcare-
ous shale, shale and claystone inter-beds in the type
locality of Hajar Trough (SPT 1994; Beydoun et al.
1998; Fig. 2). These rocks reflect shallow marine,
pelagic rift to open marine conditions (SPT 1994;
Beydoun et al. 1998). In the Say�un–Masila Basin,
the Naifa Formation is mainly composed of middle
to outer shelf/slope carbonate rocks including lime

mudstones, wackestones, and variably argillaceous
limestones (SPT 1994; Fig. 2).The Naifa Formation
is conformably overlain by the post-rift series
beginning with the Early Cretaceous (Valanginian)
Saar Formation (Fig. 1b). This post-rift series is
overlain unconformably by syn-rift deposits and is
composed of Cretaceous and Tertiary clastic and
carbonate rocks of the Saar Formation with evapo-
rates of the Rus Formation (Fig. 1b). The major
reservoir rocks are represented by the clastics of the
Kuhlan, Madbi and Qishn Formations and the car-
bonate rocks of Saar Formation as well as fractured
basement rocks (e.g., King et al. 2003; Hakimi et al.
2012b; Al-Areeq and Alaug 2014; Al-Areeq et al.
2015; Lashin et al. 2016; Khamis et al. 2017).

SAMPLES AND EXPERIMENTAL
METHODS

The dataset of this study consists of 12 cutting
samples from two wells: Kharir 1-27 and Kharir 3-07,
provided by the Total Oil company, Republic of
Yemen, in addition to the organic geochemical re-
sults of 23 cutting samples selected from two wells:
Sunah-1 and Al-Qarn-1, released from the Yemeni
authority of petroleum exploration and production
(PEPA) (Fig. 1a).

The samples were selected to represent the
argillaceous limestone intervals of the Naifa For-
mation and were analyzed using a variety of geo-
chemical and petrological methods (Fig. 2). The
analyses were conducted at specialized international
research centers and laboratories including the Or-
ganic Petrology/Geochemical Laboratories at the
University of Malaya in Malaysia and the Simon
Petroleum Technology Limited Laboratories in the
UK.

Organic Geochemical Analyses

The rock samples were crushed, their carbonate
minerals were removed using concentrated HCl acid
LECO, and then the CS125 and Multi EA2000 ele-
mental analysis instruments were used to measure
the total organic carbon (TOC) content. The sam-
ples were also subjected to pyrolysis analysis using
Rock–Eval II and Weatherford source rock analyzer
(SRA)-TOC/total petroleum hydrocarbon (TPH)
tools. Several parameters were measured such as the
free hydrocarbon content (S1), the generated
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amount of hydrocarbons (S2), and the maximum
temperature of the pyrolysis yield (Tmax). In addi-
tion, some important parameters according to
Espitalié et al. (1977) and Peters and Cassa (1994)
were calculated, namely hydrogen index (HI =
S2 9 100/TOC, mg HC/g TOC), production index
[PI = S1/(S1 + S2)], and petroleum yield (PY = S1 +
S2) (Table 1). Subsequently, 10 analyzed samples

were selected for further investigations (petro-
graphic and geochemical) including bitumen
extraction, gas chromatography–mass spectrometry
(GC–MS), pyrolysis–GC (Py–GC), visual kerogen,
spore coloration, and vitrinite reflectance measure-
ments (VRo).

For bitumen analysis, 10 shale samples were
extracted with a mixture of dichloromethane and

Table 1. Bulk geochemical of TOC and pyrolysis (measured and calculated results) of the analyzed Naifa samples in the onshore Masila

Basin

Depth (m) Pyrolysis data TOC wt% Kerogen type

Measured Calculated

S1 S2 Tmax (�C) HI PI PY

Al-Qarn-1 well

2452 0.02 0.80 438 136 0.02 0.82 0.59 III

2460 0.02 0.61 437 115 0.03 0.63 0.53 III

2472 0.03 1.51 440 210 0.02 1.54 0.72 II–III

2476 0.04 1.35 439 201 0.03 1.39 0.67 III

2480 0.03 1.70 441 224 0.02 1.73 0.76 II–III

2484 0.08 1.11 440 206 0.07 1.19 0.54 II–III

2488 0.02 0.91 439 172 0.02 0.93 0.53 III

2526 0.12 1.08 440 212 0.10 1.20 0.51 II–III

2670 0.04 2.69 438 374 0.10 2.73 0.72 II

2706 0.20 1.63 439 223 0.11 1.83 0.73 II–III

2846 0.60 6.74 444 421 0.08 7.34 1.60 II

2850 0.20 2.33 441 306 0.08 2.53 0.76 II–III

2866 0.16 2.41 444 227 0.06 2.57 1.06 II–III

2942 0.06 1.10 444 220 0.05 1.16 0.50 II–III

Sunah-1 well

2310 0.03 0.58 439 71 0.05 0.61 0.82 III

2400 1.84 6.37 – 245 0.22 8.21 2.60 II–III

2430 0.07 0.99 442 119 0.07 1.06 0.83 III

2457 0.12 1.52 442 150 0.07 1.64 1.01 III

2490 0.30 3.53 434 225 0.08 3.83 1.57 II–III

2510 0.23 3.70 442 224 0.06 3.93 1.65 II–III

2540 0.25 4.67 441 288 0.05 4.92 1.62 II–III

2555 0.36 4.22 435 327 0.08 4.58 1.29 II

2570 0.53 9.66 440 433 0.05 10.19 2.23 II

Kharir 1-27 well

2370 0.07 1.10 439 114 0.06 1.17 0.97 III

2375 0.05 0.59 439 68 0.07 0.64 0.87 III

2380 0.04 0.95 432 91 0.04 0.99 1.04 III

2390 0.06 1.03 430 85 0.06 1.09 1.21 III

2395 0.01 3.43 439 260 0.01 3.44 1.32 II–III

2400 0.05 0.82 431 95 0.06 0.87 0.86 III

2410 0.09 1.49 432 140 0.06 1.58 1.07 III

2460 0.01 0.40 430 50 0.02 0.41 0.80 III

Kharir 3-07 well

2500 0.04 5.14 439 289 0.01 5.18 1.78 II–III

2520 0.04 0.74 439 87 0.05 0.78 0.85 III

2540 0.06 0.82 435 88 0.07 0.88 0.94 III

2560 0.20 4.70 436 270 0.04 4.90 1.74 II–III

TOC total organic carbon content (wt%), S1 volatile hydrocarbon (HC) content (mg HC/g rock), S2 remaining HC generative potential (mg

HC/g rock), HI hydrogen index = S29 100/TOC (mg HC/g TOC), PI = production index = S1/(S1 + S2), PY = petroleum potential

yield = S1 + S2, Tmax = temperature at maximum generation
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methanol (93:7) for 72 h using the Soxhlet instru-
ment. The extracted bitumen was fractionated by
employing the liquid column chromatography
technique on silica gel topped with alumina oxide
and was segregated into saturated, aromatic and
polar fractions using petroleum ether (100 ml),
dichloromethane (100 ml), and methanol (50 ml),
respectively. A full scan mode of 50–550 amu was
performed during the GC–MS analysis. The GC
experimental analysis operated with HP-5MS5
column with the following dimensions: 30 m long,
0.32 mm of internal diameter and 0.25 lm of film
thickness. The temperature range of 40–300 �C
was applied at a rate of 4 �C/min. The 300 �C
temperature was held on the samples for a 30-min
time.

The aliphatic fraction was analyzed using a gas
chromatography-mass spectrometry (GC–MS, HP
5975B MSD MS). The GC of the GC–MS was at-
tached to the ion source defined by the following
parameters: 70 eV ionization voltage, 100 milliamps
filament emission and 230 �C interface temperature
(Adegoke et al. 2017). The ion monitoring capabil-
ities of the data acquisition system were selected to
allow monitoring of previously published specific
ions of the saturated hydrocarbon ratios, such as n-
alkanes (m/z 85), triterpanes (m/z 191), and steranes
(m/z 217) (Peters et al. 2005; Adegoke et al. 2017).
To quantify the terpane and sterane distributions,
the peak heights were measured in the m/z 191 and
m/z 2017 chromatograms, respectively (‘‘Appendix
1’’).

Besides the GC–MS experimental examination
of the extracted samples, their kerogen composition,
type, and structural characteristics were analyzed
using a Py–GC instrument (Horsfield 1989; Hors-
field and Dueppenbecker 1991). Solvent-extracted
rock samples of approximately 1–2 mg were ana-
lyzed using an Agilent GC chromatograph HP-Ul-
tra1, 50 m 9 32 mm equipped with a
dimethylpolysiloxane-coated column and a film
ionization detector. The applied temperature range
was released over 300–600 �C at 25 �C/min, and a
nitrogen-cooled trap was used to collect the pyrol-
ysis products. The resultant peaks were identified on
the basis of reference chromatograms using the
manual interface of Agilent ChemStation software
and by comparing the values to published data
(Dembicki et al. 1983; Abdullah 1999; Harry 2008;
Dembicki 2009; Hakimi et al. 2013; Adegoke et al.
2015).

Organic Petrographic Analyses

Organic petrographic examinations were exe-
cuted on the 10 analyzed samples using polished
block and slide techniques. The polished block
sample analysis was conducted with oil immersion
under plane-polarized reflected light using a LEICA
DM 6000 M microscope for vitrinite reflectance
measurement. The VRo measurement of each
sample is based on a sapphire glass calibration with
standard reflectance value 0.589%, and the mea-
sured VRo values were reported as the arithmetic
means of 10–15 measurements.

The extracted rock samples were subsequently
subjected to kerogen isolation using the specifica-
tions of Durand and Monin (1980) and Horsfield
(1989). Different acids such as hydrofluoric (HF)
and hydrochloric (HCl) were utilized for separating
the kerogen organic matter from the inorganic rock
matrix. Hot HCl was used mainly to remove car-
bonates, whereas 60% of hot HF was used for sili-
cate breakdown and removal. A combination of zinc
bromide flotation and ultrasonic vibration was ap-
plied for separation of mineral residues from the
kerogen. The residues were then mounted onto glass
slides in glycerin jelly and were examined under the
aforementioned microscope at different magnifica-
tions. Isolated kerogen palynofacies analysis was
performed under plane-polarized transmitted white
light using a microscope to identify the various or-
ganic matter groups such as amorphous (AOM),
phytoclasts, and palynomorphs. The calculation of
organic matter percentage and their frequency was
conducted per sample by counting of 200 organic
matter particles following the rules of Nøhr-Hansen
(1989).

RESULTS

Organic Matter Richness and Generation Potential

Determination of the TOC content of a source
rock provides information on its richness of organic
matter and potential volume of hydrocarbon gen-
eration during maturation (Peters and Cassa 1994;
Hunt 1996). The analyzed Naifa samples have vari-
able values of TOC in the range of 0.50–2.60%
(Table 1). The TOC data show that the most of the
analyzed samples exhibited relatively low TOC of
less than 1% (n = 20 samples), followed by samples
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with TOC of> 1% (n = 13 samples), and only two
samples with TOC of> 2% (Table 1). The TOC
data clarify that the studied Naifa samples are
mainly marginally organic-rich to organic-rich and
attain fair to good potential source rocks according
to Tissot and Welte (1984), Peters and Cassa (1994),
and Hunt (1996).The pyrolysis S1 and S2 yields were
in the range 0.01–1.84% and 0.40–9.66 mg HC/g
rock, respectively (Table 1), and these values to-
gether make up the potential PY, which is in the
range of 0.41–10.19. The potential PY and the
measured TOC indicate that the analyzed Naifa
samples are generally fair to good source rocks
potential for hydrocarbon generation (Fig. 3a).

The hydrocarbon generation potential of the
analyzed samples was also inferred from the bitu-
men content of the extracted organic matter (EOM).
The amount of EOM and its saturated, aromatic
hydrocarbons, and nitrogen, sulfur, or oxygen
(NSO) proportions are listed in Table 2. The de-
tected range of the EOM values, 511.28–
1278.24 ppm (Table 2), indicates consistency with
the measured values of TOC and was classified as
fair to good potential source rocks (Fig. 3b).

In addition, the EOM of the analyzed samples
has high amounts of NSO components in the range
of 52.16–70.97% (Table 2). In contrast, the saturated
and aromatic hydrocarbons are represented in lower
fractions at ranges of 11.29–32.73% and 13.60–
33.33%, respectively (Table 2). However, the Naifa
samples with the highest yields of NSO components
were identified within a depth interval of 2370–
2560 m, which can be attributed to the early-mature
source rocks as previously reported by Peters et al.
(2005). The high NSO contents in the analyzed
Naifa samples also suggest that they contain greater
amounts of plant-derived organic matter, as indi-
cated by the kerogen type based on the pyrolysis and
petrological analyses (Tables 1 and 3).

Bulk and Quantitative Kerogen Type

The bulk characterization of the kerogen type
was assessed based on the calculated Rock–Eval HI
data (Table 1). Most of the analyzed samples have HI
values of 50–306 mg HC/g TOC and indicate mainly
Type III and III/II kerogens except for four samples
with HI values of more than 320 mg HC/g TOC.
Thus, the type is II kerogen (Peters and Cassa 1994).
The bulk kerogen type was further analyzed by using

a modified Van Krevelen diagram of HI vs. Tmax

(Fig. 4). Types III and II/III were the dominant
kerogen in the analyzed Naifa samples, with minor
contribution of Type II. In addition, the Tmax values of
the analyzed Naifa samples were in the range of 430–
444 �C. This result indicates that the analyzed Naifa
samples contain early-mature organic matter in which
the thermal alteration level was not strong enough to
generate commercial petroleum (Espitalié 1985).

The kerogen type illustrated from bulk pyroly-
sis performed in this study matches reasonably with
the results derived from the open Py–GC. This of-
fers a very powerful quantitative method for
detecting the composition of the kerogen decom-
posed thermally during its maturity using the
pyrolysis products (Fig. 5a). The pyrolysis products
of the analyzed samples contain n-alkene/alkane
homologous series with important aromatic hydro-
carbon components such as benzene, toluene, and
m–p-xylene as shown in the pyrograms of Figure 5a.
In addition to these components, phenolic com-
pounds were also recognized in the analyzed sam-
ples (Fig. 5a). The sources of aromatic and phenolic
compounds were derived from vitrinite of high plant
materials (Muscio and Horsfield 1996). Note that the
pyrolysate characteristics indicate high contribution
of terrigenous organic assemblages in the analyzed
Naifa samples (e.g., Horsfield 1997; Hakimi et al.
2013; Togunwa et al. 2015). The distribution of the
m–p-xylene, phenol, and n-octene pyrolysate com-
pounds and their percentages enabled further
assessment of the organo-facies in the analyzed
samples using a slightly modified ternary diagram of
Larter (1984) and Abdullah et al. (2017). Accord-
ingly, the kerogen was characterized as predominant
of Type III and mixed Type II/III (Fig. 5b).

Visual Kerogen

Principal visual analysis was conducted on the
kerogens isolated from the 10 extracted samples and
was used to investigate the main palynofacies; the
results are presented in Table 3. The main identified
palynofacies were mostly structured organic matter
including phytoclasts and palynomorphs in addition
to structureless and amorphous organic matter
(AOM). The palynofacies are characterized by a
dominance of phytoclasts such as woody tissue and
cuticles (Fig. 6) and the presence of significant
quantities of sporomorphs, which are mainly spores
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Figure 3. Cross-plots, for the analyzed Naifa samples, of TOC vs. PY of (a) petroleum and (b)

extractable bitumen.
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(Fig. 7). Minor dinoflagellate cysts were also recog-
nized in the analyzed samples (Fig. 7), which indi-
cate a marine environment during deposition of the
Naifa sediments with lower than normal salinity
conditions (Batten and Stead 2005). This palynofa-
cies composition also implies high proportions of
Type III and II/III kerogen, as addressed from the
ternary diagram of AOM, phytoclasts, and paly-
nomorph (Fig. 8). This is consistent with geochemi-
cal pyrolysis data in terms of bulk and quantitative
results, as discussed in the preceding section.

n-Alkanes, Acyclic Isoprenoids, and Waxiness

The distribution of identified n-alkanes and
acyclic isoprenoids was based on m/z 85 mass chro-
matograms (Fig. 9). The normal alkane and acyclic
isoprenoid hydrocarbons generally show unimodal-
dominated n-alkanes and isoprenoids distribution
and the carbon number ranges from short-to med-
ium-chain n-alkane (n-C12–n-C20) to molecular
weight compounds with long-chain n-alkane (+n-
C25) (Fig. 9). A predominance of n-alkane distribu-

Table 3. Palynofacies (%) and thermal maturity indicators (vitrinite reflectance measurements (VRo) and thermal alteration index (TAI)

and pyrolysis GC) of the extracted Naifa samples

Depth

(m)

Maturity Palynofacies (%) Pyrolysis GC (%) Kerogen

typing
VRo

(%)

TAI Phytoclasts Amorphous

(AOM)

Palynomorphs m(+p)-xy-

lene

n-C8

n-oc-

tene

Phenol

Spore +

Pollen

Marine micro-

fossils

Kharir 1-27 well

2370 0.65 2 110 57 33 3 27 33 40 III

2375 0.64 2 84 80 60 3 30 15 55 III

2380 0.69 2 78 60 50 5 50 13 37 III

2390 0.65 2 78 60 48 4 36 15 49 III

2395 0.66 2 75 60 44 8 25 38 37 II–III

2410 0.68 3 78 53 33 5 32 14 54 III

Kharir 3-07 well

2500 0.70 3 75 59 53 10 55 29 16 II–III

2520 0.68 3 73 46 47 7 33 14 53 III

2540 0.68 3 80 69 48 7 40 17 43 III

2560 0.65 2 85 45 25 13 33 31 36 II–III

Table 2. Relative proportions of saturated, aromatic hydrocarbon fractions, and NSO compounds and ratios based on n-alkanes and

isoprenoids distributions of the analyzed bitumen fraction of the Naifa samples

Depth (m) Bitumen extraction and chromatographic fractions (% of whole rocks) n-alkanes and acyclic isoprenoids

EOM (ppm) Sat. (%) Aro. (%) NSO (%) HC (%) Pr/Ph Pr/n-C17 Pr/n-C18 CPI WI

Kharir 1-27 well

2370 511.28 11.29 17.74 70.97 29.03 1.35 0.70 0.49 1.07 1.50

2375 653.66 23.08 22.56 54.36 45.64 1.61 0.57 0.29 1.16 1.31

2380 1102.72 25.88 13.60 60.53 39.48 1.38 0.70 0.48 1.07 1.50

2390 1200.13 31.03 16.81 52.16 47.84 1.30 0.65 0.47 1.20 1.14

2395 1249.78 19.51 13.98 66.51 33.49 1.26 0.73 0.56 1.18 1.13

2410 841.62 32.73 14.09 53.18 46.82 1.28 0.61 0.48 1.20 1.20

Kharir 3-07 well

2500 1278.24 15.07 24.66 60.27 39.73 1.35 0.54 0.30 1.22 1.17

2520 663.43 13.45 33.33 53.22 46.78 1.31 0.61 0.42 1.20 1.25

2540 592.30 18.18 29.29 52.53 47.47 1.35 0.66 0.46 1.16 1.62

2560 1160.66 17.14 18.37 64.49 35.51 1.67 0.72 0.40 1.24 1.56

EOM bitumen extraction (ppm), Sat. saturation fractions, Aro. aromatic fractions, HC hydrocarbon fractions = (saturation + aromatic)

CPI = carbon preference index: {2(C23 + C25 + C27 + C29)/(C22 + 2[C24 + C26 + C28] + C30)

WI = waxiness index =
P

(n-C21–n-C31)/
P

(n-C15–n-C20)
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tions in the C23–C29 region was recognized for all
samples (Fig. 9). Hence, their carbon preference
index (CPI) and waxiness (WI) values are high, at
1.07–1.24 and 1.13–1.62, respectively (Table 2).
Pristane and phytaneacyclic isoprenoids are present
in significant amounts in all of the analyzed samples
(Fig. 9). Pristane is generally abundant in all sam-
ples, and the pristane/phytane (Pr/Ph) ratios are low
with values in the range of 1.26–1.67 (Table 2).
Furthermore, the amounts of isoprenoid compared
to n-alkanes (Fig. 8) in terms of pristane/n-C17 and
phytane/n-C18 ratios were also calculated and re-

corded relatively low values of 0.44–0.73 and 0.29–
0.49, respectively (Table 2).

Terpanes, Steranes, and Diasteranes

The ion m/z 191 and m/z 217 of the GC–MS
mass fragmentograms show the presence of ter-
panes, steranes, and diasteranes in the analyzed
Naifa samples (Fig. 10). The m/z 191 mass frag-
mentograms of the extracted samples display high
hopanes relative to tricyclic terpanes in all of the

Figure 4. Characteristics of kerogen in the analyzed Naifa samples based on Rock–Eval HI vs. Tmax.
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analyzed samples (Fig. 10a). The biomarker analysis
reveals that C30-hopane and C29-norhopane are also
dominant. However, according to the C29/C30 ratios
of generally more than 0.80, the content of C29-
norhopane is mostly slightly higher than that of C30

17a (H) hopane (Fig. 10a, Table 4), which suggests
carbonate-rich facies in most of the analyzed sam-
ples (Waples and Machihara 1991).

In all of the analyzed samples, the homo-
hopanes are characterized by high abundances of
C31 series and generally decreases toward the C35

(Fig. 10a). The C31-22R-hopane/C30-hopane ratios
for the analyzed samples range from 0.32 to 0.43

(Table 4). Besides, significant (18-(H)-22,29,30-tris-
norneohopane) (Tm) and considerable quantity of
18a(H)-22,29,30-trisnorneohopane (Ts) are also
present (Fig. 10a), with higher Tm/Ts values in the
range of 2.5–11.3 (Table 4). In addition, both C32

ab-homohopane isomerization (22S/(22S + 22R)
and C30-moretane/C30-hopane ratios were calcu-
lated to be 0.54–0.57 and 0.31–0.54, respectively
(Table 4).

Figure 10B shows the sterane and diasterane
distributions in three representative analyzed sam-
ples. The C27 and C29 steranes are predominant
over the C28 homologues, with relative proportions

Figure 5. Quantitative pyrolysis (Py–GC) of selected extracted samples from two wells in the Naifa Formation, Kharir 1-27 and Kharir 3-

07, showing (a) the pyrolysate distribution of n-alkene/alkane doublets and aromatic with phenolic compounds and (b) the characteristics

of kerogen based on the relative percentage of three pyrolysate compounds, m–p-xylene, phenol, and n-octene, plotted on the ternary

diagram of Larter (1984) and Abdullah et al. (2017).
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of 42.9–48.7%, 35.1–40.9%, and 15.2–18.6%,
respectively (Table 4). These proportions can be
clearly demonstrated by the relatively low C29/C27

regular sterane ratios of less than unity (Table 4).
The ratios of diasterane/sterane are low in all of
the analyzed samples (Table 2) and provide sup-
port for a carbonate-rich facies as previously re-
ported (e.g., Mohialdeen and Hakimi 2016).
Additionally, maturity biomarker ratios such as
20S/(20S + 20R) and abb(abb + aaa) for C29-ster-
ane were calculated (Table 4).

DISCUSSION

Organic Matter Input

The short- to medium (n-C14–n-C20)-chain n-
alkane distributions, with a significant long-chain n-
alkane (+n-C25) molecular weight compounds
(Fig. 9), appear to indicate that the Naifa sediments
contain mixed organic matter with significant ter-
rigenous organic matter input (Colombo et al. 1989;
Peters et al. 2005).

Figure 6. Phytoclasts of mainly cuticle and plant fragments of plant secretion from the analyzed Naifa samples from two wells, Kharir 1-

27 and Kharir 3-07, as listed in Table 3.
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Figure 7. Structured organic matter of the dinoflagellate cyst species, marine phytoplankton, and spores macerated from the

analyzed Naifa samples from two wells, Kharir 1-27 and Kharir 3-07.
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The ratios of isoprenoids (pristane/phytane) vs.
normal alkanes (phytane/n-C17) reflect an organic
matter accumulation of mixed marine–terrigenous

sources (Fig. 11a). In addition, the relatively high
CPI values with odd over even predominance in the
analyzed samples indicate an early thermal maturity

Figure 8. Ternary diagram of amorphous organic matter–phytoclasts–palynomorph (APP) kerogen plot used to

characterize the kerogen assemblage and environments under transmitted light microscopy (modified after

Tyson 1995).
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of the Naifa sediments and indication of a high
contribution of terrigenous source input (Fig. 11b).
The strong inference of the land plant input in the

analyzed Naifa samples is supported by the high Tm/
Ts ratios (Table 4; Fig. 10a). The high relative
abundance of Tm compared to Ts has been reported

Figure 9. Mass fragmentograms of m/z 85 of saturated hydrocarbons for six analyzed representative Naifa samples.
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to be associated with terrestrially derived organic
matter as well as carbonate facies (e.g., Moldowan
et al. 1986; Robinson 1987).

The mixed organic matter input in the analyzed
samples is also reflected in the distributions of the
regular steranes (C27–C29) in the m/z 217 chro-

Figure 10. m/z 191 mass fragmentograms (left) and m/z 217 mass fragmentograms (right) of saturated hydrocarbon fractions of three

analyzed representative Naifa samples.
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Figure 11. Biomarker cross-plots, for the analyzed Naifa samples, of pristane/phytane vs. (a) pristane/n-

C17(Pr/n-C17) and (b) CPIs.
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matograms and as reported by previous workers (e.g.,
Huang and Meinschein 1979; Peters and Moldowan
1993; Peters et al. 2005). These are based on high C29/
C27 regular sterane ratios and clearly displayed in a
ternary diagram of C27–C29 aaa-20R steranes
(Fig. 12), whereby regular steranes of C27 and C29

predominate over the C28-sterane in most of the
analyzed samples (Fig. 10b; Table 4), indicating
mixed organic matter of aquatic planktonic-bacterial
and land plant. The notion of mixed source of organic
matter with significant contribution from land plants
is supported by the geochemical results including Py–
GC analysis (Fig. 5) and pyrolysis HI data (Table 1).
The latter data relate to the interpretation of kerogen
type, which includes mainly Types III and II/III with
minor Type II (Fig. 4). This finding of the organic
matter is consistent as well with the performed
palynofacies analysis (Table 3; Figs. 6 and 7).

Sedimentary Environmental Conditions

In this study, biomarkers were used as broad
indicators of sedimentary environment conditions
during deposition. The biomarker ratios of C31-22R-
homohopane were compared to that of C30-hopane
and were used to corroborate that the analyzed Naifa
samples in the Say�un–Masila Basin were deposited in
an aqueous condition dominated by marine environ-
ment as indicated by their high values of more than
0.25 in all of the analyzed samples (Table 4; Peters

et al. 2005). Furthermore, the relationship between
C31-22R-hopane/C30-hopane of the analyzed samples
and the Pr/Ph ratios, documented in Figure 13a
(modified after Peters et al. 2005), similarly indicates
a marine environment. The dinoflagellate cysts rec-
ognized in the analyzed samples (Fig. 7) might also be
an indication of a marine environment of deposition
that prevailed within lower salinity regimes (Batten
and Stead 2005).

The C29-norhopane is relatively high in all sam-
ples (Fig. 10a), and the C29-norhopane/C30-hopane
ratios range from 0.84 to 1.35, with values mostly>
1.0 (Table 4). This observation suggests that the

analyzed samples are likely carbonate-rich rocks such
as marls and carbonates that were deposited in a
marine environment (Fig. 13b). However, high C29/
C30-hopane ratios have been reported in terrestrially
derived sediments, especially coal (e.g., Ramanamp-
isoa et al. 1990; Sarki Yandoka et al. 2015a).

The Pr/Ph ratio is a broad indicator commonly
used for paleo-redox conditions during deposition
(i.e., oxic vs. anoxic) as well as for post-depositional
diagenetic alterations (Didyk et al. 1978; Chandra
et al. 1994; Escobar et al. 2011). Generally, low Pr/
Ph ratios of< 1 suggest anoxic conditions, whereas
values between 1 and 3 indicate sub-oxic conditions
(Didyk et al. 1978; Chandra et al. 1994; Escobar
et al. 2011; Makeen et al. 2015). Comparatively
higher values of this ratio, namely> 3, suggest more
oxic conditions (Farhaduzzaman et al. 2012; Alias
et al. 2012; Sarki Yandoka et al. 2015b).

The analyzed Naifa sediments were likely de-
posited under sub-oxic conditions with relatively low
Pr/Ph ratios between 1.26 and 1.67 (Table 2). This is
consistent with the higher organic matter content, as
exemplified by relatively high values TOC of> 1%
(Table 1). The inference of the sub-oxic condition is
supported by geochemical results including the dis-
tribution of isoprenoids (pristane/n-C17) vs. normal
alkanes (phytane/n-C18) in a binary plot (Fig. 14).
The palynofacies of isolated kerogen in the analyzed
samples also suggest that the Naifa sediments were
deposited in a marginally marine environment with
strong influx of terrestrial deposits, most likely un-
der sub-oxic environment regimes (Fig. 8).

Thermal Maturity

Knowing the maturity level of the organic
matter in the sedimentary rocks is an important
parameter for hydrocarbon exploration. The matu-

Figure 12. Ternary diagram of regular steranes (C27–C29),

indicating the relationship between sterane compositions and

the related organic matter input (modified after Huang and

Meinschein 1979).
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Figure 13. Biomarker cross-plots, for the analyzed samples, of C31-22R-hopane/C30-hopane ratios vs. (a)

pristane/phytane and (b) C29-norhopane/C30-hopane ratios.
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rity of the analyzed Naifa samples was evaluated
primarily by using optical methods, i.e., measured
VRo and thermal alteration index (TAI) (Table 3).
The VRo of organic matter is commonly used to
infer the level of maturity in sedimentary rocks
(Teichmuller 1958; Manning 1991; Huang et al.
2017). The following maturation stages were recog-
nized at the low end of the oil-window maturity:
immature: VRo less than 0.50%, early mature; VRo
between 0.50 and 0.70%, peak oil window; VRo is
equivalent to 0.70–1.0% and through to 1.3% VRo
equivalent to end of the oil-window maturity (Tissot
and Welte 1984; Sweeney and Burnham 1990). The
VRo of the 10 analyzed Naifa samples ranged from
0.64 to 0.70 (Table 3), indicating oil-window mature
equivalent to an early-mature level. This thermal
maturity level was confirmed by using other optical
method, i.e., TAI that depends mainly on the
intensity of spore coloration as a function of matu-
rity (Staplin 1982). The range of the TAI values of
the 10 analyzed samples was between 2 and 3 (Ta-
ble 3), which is consistent with the brown to dark
brown color of the spores (Fig. 7) and indicating an

early-mature stage of oil-generation window (Sta-
plin 1982).

In concordance with VRo values, the pyrolysis
Tmax values were subsequently used as maturity
indicators for the source rocks (e.g., Espitalié 1985).
The analyzed Naifa samples have pyrolysis Tmax

values between 430 and 444 �C (Table 1). These
Tmax values are generally consistent with the VRo
values of 0.64–0.70 and further suggest mature
source rock in the early level of oil-generation win-
dow (e.g., Peters and Cassa 1994; Hunt 1996).

The thermal maturity level can also be evalu-
ated from PI (Peters and Cassa 1994). In this work,
the PI values in the range of 0.01–0.22 are relatively
low (Table 1) and indicate that the analyzed samples
are in the early stage of oil-generation window, as
clearly demonstrated by the relationship between PI
and Tmax data (Fig. 15).

In addition, a suite of biomarker parameters
applied by previous workers (e.g., Seifert and Mol-
dowan 1978, 1981, 1986; Peters et al. 2005) such as
CPI, C32-homohopanes 22S/(22S + 22R), moretane
to hopane ratio (C30M/C30H), Ts/Tm, and C29 20S/

Figure 14. Phytane to n-C18 alkane (Ph/n-C18) vs. pristane to n-C17 alkane (Pr/n-C17).

2707Hydrocarbon Generation Potential of the Organic-Rich Naifa Formation



(20S + 20R) and bb/(bb + aa) were also calculated
(Tables 2 and 4) to evaluate the thermal matura-
tion of the organic matter. The C29 aaa20S/
(20S + 20R) and C29 bb/(bb + aa) sterane ratios for
the 10 analyzed samples are in the range of 0.29–
0.38 (Table 4), indicating low-maturity stage
(Fig. 16). The relatively high C30M/C30H ratios of
the analyzed samples, namely> 0.34, further indi-
cate that the samples are at low-maturity level
(Mackenzie et al. 1980). The C32-hopane ratios are
between 0.54 and 0.57, inferring a stage close to the
thermal equilibrium for oil-generation window. In
accordance with previously obtained maturity data,
these results indicate that the analyzed Naifa sam-
ples from the studied wells are generally mature
source rocks within the early level of oil-generation
window.

Hydrocarbon Generation Potential

The characteristics of the kerogen dispersed in
potential source rocks will greatly influence the type
of the hydrocarbons generated during thermal mat-
uration (Tissot and Welte 1984; Peters and Cassa

1994; Hunt 1996; Katz 2005; Abdullah et al. 2017;
Ardakania et al. 2017). This can be evaluated
through geochemical and petrological parameters
(Tissot and Welte 1984; Hunt 1996). In this study,
the quality or type of the organic matter and their
relevance to petroleum generation potential in the
analyzed samples were determined primarily
through geochemical scrutiny of bulk and quantita-
tive pyrolysis data.

Based on the Rock–Eval pyrolysis analysis, the
bulk kerogen type present in the analyzed samples is
mainly of Types III and II/III with minor amount of
Type II (Fig. 4) as determined from their HI values
of 50–433 mg HC/g TOC (Table 1). The n-alkyl
chain length distribution in the Py–GC attributes
indicates that the organic matter in the analyzed
samples is mainly of Type III and II/III kerogens
(Fig. 5). Furthermore, the biomarker data from the
analyzed samples indicate mixed organic matter of
marine and terrigenous sources. The palynofacies
composition of the analyzed samples also supports
mixed kerogen types, with high amounts of terrige-
nous organic matter such as woody tissue, cuticles
(Fig. 5), and sporomorphs in addition to minor
marine microfossils such as dinoflagellate cysts

Figure 15. Cross-plots of Rock–Eval pyrolysis Tmax vs. PI.
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(Fig. 6). Based on the kerogen type present in this
study, the analyzed Naifa Formation samples should
be able to generate both oil and gas (Fig. 17) sup-
posing that a sufficient maturity level is reached. The
analyzed samples that contained Type II and II/III
kerogens indicate potential for generation of oil and
gas, whereas those dominated by Type III kerogens
imply a mainly gas-prone source rock.

Exploration Implications

According to previous works, hydrocarbon
exploration activities in the onshore Say�un–Masila
Basin, eastern Yemen, focus primarily on the Late
Jurassic Madbi shale source rocks (Mills 1992; Ha-
kimi et al. 2010a; Al Areeq et al. 2011; Hakimi et al.
2012b). Most of the discovered oils are in the or-
ganic-rich shales of the Late Jurassic Madbi For-
mation (Al Areeq and Maky 2015). However, the
preliminary results of this study on a relatively
younger sequence indicate that the argillaceous
limestone intervals within the overlying Late Juras-
sic–Early Cretaceous Naifa Formation are potential

oil- and gas-prone source rocks, although their rel-
atively low maturity (early oil-window maturity)
suggests that they have not yet generated commer-
cial amounts of oil. This important finding will be
beneficial for potential prospects and exploration
targets in the Say�un–Masila Basin, where the known
deeper location of Naifa strata entered the peak oil
window and can generate commercial petroleum.
Moreover, the source rock characterization of the
Naifa Formation, especially with respect organic
richness, type of kerogen, maturation and potential
of hydrocarbon generation, was discussed for further
successful exploration attempts. In this respect, the
geochemical properties of the Naifa source rock
including TOC, HI, and Tmax data from the studied
wells (Al-Qarn-1, Kharir 1-27, Kharir 3-07, and Su-
nah-1) were averaged and mapped to show the
general lateral distribution throughout the study
area (Fig. 18). The lateral distribution shows that the
organic matter in terms of TOC% in the Naifa
source rock increases from the northwestern area
around well Al-Qarn-1 to the central and south-
eastern parts of the study area particularly in the
area around Sunah-1 well (Fig. 18a). The Naifa

Figure 16. Cross-plot of two biomarker sensitivity parameters (%20S and %bb sterane) to thermal maturity for

the analyzed Naifa samples. Most of the samples plot in the low-maturity source rock fields (after Waples and

Machihara 1991).
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source rock in the studied wells has HI values in the
range of 50–433 mg HC/g TOC (Table 1), and these
values increase from the central to the northwestern
and southeastern parts particularly in the areas
around Al-Qarn-1 and Sunah-1 wells (Fig. 18b).
Consequently, the northwestern and southeastern
parts have higher oil-generation potential than the
central parts. This distribution also suggests that the
Naifa source rock unit is more mature in the
northwestern part of the study area, followed by the
southeastern part as indicated from the geochemical
maturity Tmax data (Fig. 18c), which can be attrib-
uted to the regularly increasing burial depth from
the central toward the northwestern and southeast-
ern parts (Fig. 18d).

The distributions of the source rock geochemi-
cal results of the Naifa source rock suggest that good
source rock properties are recognized in the south-
eastern part of the study area, which can be con-
sidered to have high oil-generation potential
corresponding to high TOC and HI values (Fig. 18a
and b), and reached a sufficient burial maturity level

(Fig. 18c and d). Therefore, we envisage that the
source rock characteristics of the Naifa Formation in
the deeper parts of the basin, particularly in the
areas around Sunah-1 and Al-Qarn-1 wells, offer
guidance for potential prospects and petroleum
exploration targets. Moreover, the biomarker
parameters and depositional environment indicators
presented and discussed in this study are also useful
for future exploration in the Say�un–Masila Basin,
for oil–oil and oil–source geochemical correlations
for future hydrocarbon exploration in the basin.

CONCLUSIONS

Detailed organic geochemical investigation,
coupled with palynofacies analysis, was conducted
on the late Jurassic–early Cretaceous argillaceous
limestone of the Naifa Formation using rock sam-
ples gathered from four wells in the Say�un–Masila
Rift Basin. The following points summarize the main
conclusions of this study.

Figure 17. Relationship between TOC and Rock Eval HI.
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Figure 18. Maps of lateral distributions of the geochemical results, i.e., TOC, HI, and Tmax (a–c)

and the depth of the Naifa Formation (d), showing that most prospective areas are located in the

northwestern and southeastern parts, particularly in the areas around Al-Qarn-1 and Sunah-1

wells.
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1. The analyzed samples Naifa argillaceous
limestone have TOC in the range of 0.50–
2.60 wt%, indicating fair to good potential
source rocks.

2. The organic matter is predominantly of Type
II/III and III kerogens and minor Type II
kerogen, with HI in the range of 50–433 mg
HC/g TOC. These indicate potential to gen-
erate both oil and gas. The characteristics of
the Types II/III and III determined based on
Py–GC analysis indicate that the Naifa
samples contain mixed marine organic mat-
ter with significant amounts of terrestrial
organic matter input.

3. The biological markers, such as relatively
low Pr/Ph ratios of 1.26–1.67 and high C31-
22R-hopane/C30-hopane and C29-norhopane/
C30-hopane ratios, indicate that the analyzed
Naifa samples are carbonate-rich and were
deposited in a marine setting under sub-oxic
conditions. The relatively high CPI and C27

and C29 regular sterane biomarkers also re-
vealed that the organic matter originated
from mixed marine and terrigenous sources.
This interpretation is also supported by the
abundance of terrestrial-derived materials
such as vitrinite phytoclasts, spores, and
pollen in addition to minor occurrences of
marine microfossils as observed under the
microscope.

4. The combination of maturity indicators such
as vitrinite reflectance, pyrolysis Tmax and
biomarkers data reveals an oil window
maturity equivalent to early-mature level.
This indicates that no commercially viable
oil or gas has been generated from the areas
immediately around the studied wells.

5. Although the analyzed samples recorded low
mature level, there is possibility that the
Naifa Formation entered the peak oil win-
dow and can generate commercial petroleum
at deeper burial depths within the basin,
particularly in the areas around Sunah-1 and
Al-Qarn-1 wells. Therefore, more focus
should be given on the known deeper loca-
tion of Naifa strata for potential prospects
and exploration targets.
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APPENDIX

See Table 5.

Table 5. Peak assignments for alkane hydrocarbons in the gas

chromatograms of saturated fractions in the m/z 191 (I) and 217

(II) mass fragmentograms

Compound abbreviation

(I) Peak no.

Ts 18a(H),22,29,30-trisnorneohopane Ts

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

29 17a,21b(H)-nor-hopane C29 hop

30 17a,21b(H)-hopane Hopane

3 M 17 b,21a (H)-Moretane C30Mor

31S 17a,21b(H)-homohopane (22S) C31(22S)

31R 17a,21b(H)-homohopane (22R) C31(22R)

32S 17a,21b(H)-homohopane (22S) C32(22S)

32R 17a,21b(H)-homohopane (22R) C32(22R)

33S 17a,21b(H)-homohopane (22S) C33(22S)

33R 17a,21b(H)-homohopane (22R) C33(22R)

34S 17a,21b(H)-homohopane (22S) C34(22S)

34R 17a,21b(H)-homohopane (22R) C34(22R)

35S 17a,21b(H)-homohopane (22S) C35(22S)

35R 17a,21b(H)-homohopane (22R) C35(22R)

(II) Peak no.

a 13b,17a(H)-diasteranes 20S Diasteranes

b 13b,17a(H)-diasteranes 20R Diasteranes

c 13a,17b(H)-diasteranes 20S Diasteranes

d 13a,17b(H)-diasteranes 20R Diasteranes

e 5a,14a(H), 17a(H)-steranes 20S aaa20S

f 5a,14b(H), 17b(H)-steranes 20R abb20R

g 5a,14b(H), 17b(H)-steranes 20S abb20S

h 5a,14a(H), 17a(H)-steranes 20R aaa20R

2712 Hakimi, Abdullah, Lashin, Ibrahim, and Makeen



REFERENCES

Abdullah, W. H. (1999). Oil generating potential of Tertiary coals
and other organic-rich sediments of the Nyalau Formation,
onshore Sarawak. Journal of Asian Earth Sciences, 17, 255–
267.

Abdullah, W. H., Togunwa, O. S., Makeen, Y. M., Hakimi, M. H.,
Mustapha, K. A., Baharuddin, M. H., et al. (2017). Hydro-
carbon source potential of eocene–miocene sequence of
Western Sabah, Malaysia. Marine and Petroleum Geology,
83, 345–361.

Adegoke, A. K., Abdullah, W. H., & Hakimi, M. H. (2015).
Geochemical and petrographic characterisation of organic
matter from the Upper Cretaceous Fika shale succession in
the Chad (Bornu) Basin, northeastern Nigeria: Origin and
hydrocarbon generation potential. Marine and Petroleum
Geology, 61, 95–110.

Adegoke, A. K., Abdullah, W. H., & Yandoka, B. M. S. (2017).
Provenance and paleoenvironment of organic matter within
the Fika sediments in Chad (Bornu) Basin, northeastern
Nigeria: An integrated organic geochemical and palynofacies
approach. International Journal of Coal Geology, 173(C), 94–
109.

Al Areeq, N. A., & Al-Auge, A. S. (2014). Well log analysis and
hydrocarbon potential of the Sa�ar–Nayfa reservoir, Hiswah
Oilfield, eastern Yemen. Arabian Journal Geosciences. http
s://doi.org/10.1007/s12517-013-1003-5.

Al Areeq, N. A., & Maky, A. F. (2015). Organic geochemical
characteristics of crude oils and oil-source rock correlation in
the Sunah oilfield, Masila Region, Eastern Yemen. Marine
and Petroleum Geology, 63, 17–27.

Al Areeq, N. M., Soliman, M. A., Essa, M. A., & Al-Azazi, N. A.
(2015). Diagenesis and reservoir quality analysis in the Lower
Cretaceous Qishn sandstones from Masila oilfields in the
Sayun–Masila Basin, eastern Yemen. Geological Journal.

Al-Areeq, N. M., Abu El Ata, A. S., Maky, A. F., & Omran, A. A.
(2011). Hydrocarbon Potentialities of some upper jurassic
rock units in Masila Block, Sayun-Masila basin, Yemen.
National Research Center, Cairo. Journal of Applied Geo-
physics, 10, 147–168.

Alias, F. L., Abdullah, W. H., Hakimi, M. H., Azhar, M. H., &
Kugler, R. L. (2012). Organic geochemical characteristics and
depositional environment of the Tertiary Tanjong Formation
coals in the Pinangah area, onshore Sabah, Malaysia. Inter-
national Journal of Coal Geology, 104, 9–21.

Al-Wosabi, M. A., & Al-Mashaikie, S. Z. (2006). Investigation of
facies types and associations of Kuhlan Red Bed Formation
in NW Yemen: A new hypothesis for origin and depositional
environment. SQU Journal for Science, 11, 11–38.

Ardakania, O. M., Saneia, H., Ghanizadeh, A., McMechan, M.,
Ferric, F., & Clarkson, C. (2017). Hydrocarbon potential and
reservoir characteristics of lower Cretaceous Garbutt For-
mation, Liard Basin Canada. Fuel, 209, 274–289.

Batten, D. J., & Stead, D. T. (2005). Palynofacies analysis and its
stratigraphic application. In E. A. M. Koutsoukos (Ed.),
Applied stratigraphy (pp. 203–226). Amsterdam: Springer.

Bawazer, W., Lashin, A., & Kinawy, M. M. (2018). Characteri-
zation of a fractured basement reservoir using high-resolution
3D seismic and logging datasets: A case study of the Sab�a-
tayn Basin, Yemen. PLoS ONE, 13(10), e0206079.

Beydoun, Z. R. (1964). The stratigraphy and structure of the
eastern Aden Protectorate. In Overseas geological and min-
eral resources (Bull. Supp. 5, pp. 1–107). London: HMSO.

Beydoun, Z. R., Al-Saruri, M., El-Nakhal, H., Al-Ganad, I. N.,
Baraba, R. S., Nani, A. S. O., et al. (1998). International
lexicon of stratigraphy, V. III, Republic of Yemen, Second
Ed. International Union of Geological Sciences and Ministry

of Oil and Mineral Resources, Republic of Yemen, Publica-
tion 34, 245 p.

Chandra, K., Mishra, C. S., Samanta, U., Gupta, A., & Mehrotra,
K. L. (1994). Correlation of different maturity parameters in
the Ahmedabad–Mehsana Block of the Cambay Basin. Or-
ganic Geochemistry, 21, 313–321.

Colombo, J. C., Pelletier, E., Brochu, C., Khalil, M., & Catoggio,
J. A. (1989). Determination of hydrocarbon sources using n-
alkane and polyaromatic hydrocarbon distribution indexes.
Case study: Rio de La Plata estuary, Argentina. Environ-
mental Science & Technology, 23, 888–894.

Csato, I., Habib, A., Kiss, K., Kocz, I., Kovacs, V., Lorincz, K.,
et al. (2001). Play concepts of oil exploration in Yemen. Oil
Gas Journal, 99(23), 68–74.

Dembicki, H. J. (2009). Three common source rock evaluation
errors made by geologists during prospect or play appraisals.
APPG, 93(3), 341–356.

Dembicki, H., Jr., Horsfield, H. B., & Ho, T. T. Y. (1983). Source
rock evaluation by pyrolysis-gas chromatography. AAPG, 67,
1094–1103.

Didyk, B. M., Simoneit, B. R. T., Brassell, S. C., & Eglinton, G.
(1978). Organic geochemical indicators of palaeoenviron-
mental conditions of sedimentation. Nature, 272, 216–222.

Durand, B., & Monin, J. C. (1980). Elemental analysis of kerogens
(C, H, O, N, S, Fe). In B. Durand (Ed.), kerogen (pp. 113–
142). Paris: Editions Technip.

Escobar, M., M�arquez, G., Inciarte, S., Rojas, J., Esteves, I., &
Malandrino, G. (2011). The organic geochemistry of oil seeps
from the Sierra de Perij�a eastern foothills, Lake Maracaibo
Basin, Venezuela. Organic Geochemistry, 42, 727–738.
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