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ABSTRACT: The Jiza-Qamar Basin is one of the most important exploration sedimentary basins in Yemen. For over a decade, the
exploration of hydrocarbons has been occurring in this basin. Late Cretaceous age rocks are the most occurring organic-rich
sediments in this basin, including coals, coaly shales, and shales. The studied organic-rich shale beds are from the Late Cretaceous
Mukalla Formation and associated with coal seams. These organic-rich shales can serve as source rocks for hydrocarbon generation
potential. The current study investigates the geochemical characteristics, including assessing the organic matter (OM) input,
sedimentary environmental conditions, and hydrocarbon generation potential of the organic-rich shale within the Mukalla Formation
from three well locations in the onshore Jiza-Qamar Basin using organic geochemistry, biomarker, and carbon isotope
measurements. The studied shale samples have high OM content with total organic carbon values between 0.74 and 19.48 wt %.
Furthermore, they contain mainly hydrogen-poor Types III and IV kerogen, indicating the presence of the gas-prone source rock.
The presence of these types of kerogen indicates the abundance of vitrinite and inertinite macerals, as established by microscopic
investigation. However, the studied organic-rich shales had biomarker features, including high Ph/Ph ratio between 3.82 and 7.46,
high Tm/Ts ratio of more than 7, and high C,, regular steranes compared to C,, and C,, regular steranes. Apart from the biomarker
results, the studied Mukalla shales are characterized by the abundance of land-derived OM that deposited in fluvial to fluvial deltaic
environments under highly oxic conditions. The finding of the considerable concentration of terrigenous OM is probably confirmed
by the bulk carbon isotope and maceral composition data. The maturity indicators show that the examined organic-rich shale
samples in the studied wells exhibit low VR values of up to 0.71%, and thereby, they have not been yet reached the high maturity for
gas generation. This low maturity level in the studied wells is probably attributed to shallow burial depth, exhibiting depth of up to
2835 m. Therefore, the substantial gas exploration operations from the organic-rich shale source rock system of the Late Cretaceous
Mukalla Formation can be recommended in the deeper stratigraphic succession in the offshore Jiza-Qamar Basin.

1. INTRODUCTION

Organic-rich sediments such as oil shale and gas shale are the key

hydrocarbon resources worldwide and have recently become Received: May 25, 2023
important global exploration targets.”” These fine-grained Accepted: July 19, 2023
sedimentary rocks are of great interest owing to their organic- Published: August 10, 2023

rich matter and have drawn attention as a source rock for

conventional and unconventional gas and oil over the past 30
2—4 . . c e

years.”  However, both marine and continental organic-rich
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Figure 1. (A) Main sedimentary basins in the Republic of Yemen and (B) location map of the three studied wells (i.e., Al-Armah-01, Al-Furt-01, and

Al-Jeza-01) in the onshore Jiza-Qamar Basin.

shale sediments have been successfully explored and developed
worldwide, showing valuable source rocks for generation of
significant amounts of hydrocarbon during thermal maturation,
and they have been proved by several studies.”™ ">

The knowledge of geology, lithofacies, and organic matter
(OM) characteristics of these organic-rich shales seriouslgr limits
gas and oil exploration in any sedimentary basin.'™'® Apart
from source rock characteristics and petroleum generative
potential, multi-integrated techniques such as organic geo-
chemistry, microscopic examination, combined with biomarker
measurements are vital to the study of shale source rock systems
and shed critical insights on the conventional as well as
unconventional petroleum resource potential."' >

The key focus of the present study is the Jiza-Qamar Basin,
which lies mostly onshore and partly offshore in north eastern
part of Yemen and is bounded to the north by the Hadramawt
Arch, which separates this basin from the southern flank of the
Rub’ Al-Khali Basin (Figure 1A).

The Jiza-Qamar Basin contains a Middle Jurassic to Paleogene
sedimentary fill up to 6 km thick.”’ The Late Cretaceous
sediments across Jiza-Qamar Basin host a number of OM-rich
strata, such as coals, coaly shales, and shales.>~"** However, a
number of researchers have assessed origin, paleodepositional
conditions, and geochemical characteristics of OM, as well as the
potential for petroleum generation potential of the coals, coaly
shales of the Late Mukalla Formation from well locations in the
offshore Jiza-Qamar basin and indicate that the coals, coaly
shales, and shales of the Mukalla Formation are an important
organic-rich facies and high-quality oil-and gas-prone source
rocks for exploration, development, and production targets in
the offshore Jiza-Qamar Basin.”~****

There have been few geochemical investigations of the
organic-rich shale sediments found in the Late Cretaceous
succession of the onshore portion of the Jiza-Qamar Basin. In
this case, the current research focuses on the OM-bearing shale

sediments, particularly those of the Mukalla Formation in the
onshore Jiza-Qamar Basin (Figure 1B).

The goal of this research is to enhance our understanding of
the source rock properties of the organic-rich shale rocks of the
Mukalla Formation, which are of economic and scientific
importance. An inclusive investigation of the large-scale
characteristics of OM and the hydrocarbon potential of the
organic-rich shale deposits from three well locations (Al-Armah-
01, Al-Furt-01, and Al-Jeza-01) in the onshore part of the basin is
conducted using integrated geochemical and organic petro-
graphic methods. This study also attempts to integrate the
biomarker measurements together with carbon isotope
compositions and used to understand the source and origin
OM inputs and their sedimentary environmental conditions
during deposition of the organic-rich shale unit of the Mukalla
Formation in the investigated onshore part of the basin. In
addition, this research discusses the implications of hydrocarbon
generation potential and thereby deciphers the hydrocarbon
exploration and development in the basin.

2. GEOLOGICAL SETTING

The Jiza-Qamar Basin is an extensional rift basin, which is
associated with the rifting mechanisms of the break-up of
Gondwana during the Late Jurassic to Early Cretaceous.”**
The Jiza-Qamar Basin comprises both onshore and offshore
segments (Figure 1A) and is characterized by horst-graben
structures separated by highly dipping normal faults.”'

The Jiza-Qamar Basin is filled with thick sedimentary
succession, ranging in age between Mesozoic and Cenozoic,
with several significant unconformities.”’ The lithostratigraphic
column of the studied basin is presented in Figure 2. The Middle
Jurassic pre-rift sediments were deposited unconformably above
the Precambrian basement rocks (Figure 2). Clastics and
carbonate sediments dominate the pre-rift succession. The

https://doi.org/10.1021/acsomega.3c03691
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Figure 2. Stratigraphic column for the Jiza-Qamar Basin.

Syn-rifl

Pre-rifi

Middle Jurassic clastics of the Kuhlan Formation represent the
early pre-rift sedimentation.” In contrast, the marine platform
carbonates of the Shuqra Formation accumulated during the late
pre-rift phase (Callovian-Oxfordian).

During the Kimmeridgian-Berriasian, a rifting phase is
recognized”****” and includes thick carbonates and shales of
the Madbi and Naifa formations (Figure 2). The shale units of
the syn-rift Madbi Formation are source rocks with high oil
generation potential in the Sab’atayn and Masilah hydrocarbon-
producing basins.”* ™" The syn-rift deposits of the Madbi
Formation and the lower part of Naifa Formation are followed
by post-rift clastic and carbonate sediments (Figure 2). The
post-rift sequence includes several formations of the Mahara and
Hadramaut groups.”' The Mahara Group contains mixed clastic
and carbonate deposits, while the Hadramaut Group consists
mainly of carbonates (Figure 2).

The Mukalla and Harshiyat formations of the Mahara Group
are mostly composed of intercalations of sandstone, shale, and
coal (Figure 2). The organic-rich (coal, coaly shale, and shale)
successions of the Mahara Group (Mukalla and Harshiyat
formations) are an important source rocks for exploration,
development, and production targets in the basin.”*>*>**~*

The key focus of the present study is on the formation of the
Mahara Group, including Mukalla Formation. The Mukalla
sediments are considered to have been deposited in deltaic and
near-shore to offshore marine-shelf environments.” The marine
depositional environments were deep enough for basinal facies
of suboxic-anoxic character to accumulate and yield a mixture of
marine palynomorphs (dinoflagellate cysts, acritarchs, and
linings of foraminiferal tests) and terrestrially derived spores
and pollen.” This formation was formed during the separation of
Madagascar and India from southern Gondwana and the
breaking up of southern Gondwana in the late Mesozoic.”

During the Late Cretaceous, the Mukalla and Harshiyat
formations of the Mahara Group were also deposited in the Jiza-
Qamar Basin and are mainly carbonates with intercalations of
sandstone and shale (Figure 2). The Mahara Group,
conformably overlain by the Hadramaut sediments, consists of
mainly carbonate with intercalations of evaporite and shale
(Figure 2). Paleogene formations (Paleocene-Eocene) of the
Hadramaut Group are found in conformable contacts, such as
the Umm Er Radhuma Formation (limestone and marl), Jeza
Formation (dolomite and shale), Rus Formation (dolomite and
evaporite), and Habshiyah Formation (limestone, dolomite, and
shale), as shown in Figure 2.

https://doi.org/10.1021/acsomega.3c03691
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Figure 3. Lithostratigraphic logs of the three wells studied (i.e., Al-Armah-01, Al-Furt-01, and Al-Jeza-01) in the onshore Jiza-Qamar Basin.

3. MATERIALS AND EXPERIMENTAL METHODS

77 drill cutting samples were collected from the organic-rich
shale facies of the Late Cretaceous Mukalla Formation in three
well locations (Al-Armah-01; Al-Furt-01; and Al-Jeza-01 wells),
as shown in Figure 3.

The collected samples were cleaned to remove contamination
from the drilling mud and related additives (i.e., water-based
drilling fluid) and were milled into +18 mesh (approximate
<lmm) and 72 mesh sizes using a mortar and pestle. These
organic-rich shale samples were then subjected to multi
geochemical methods along with optical microscopic studies.
However, limited shale samples were selected for geochemical
analyses (i.e., biomarker and carbon isotope) along with optical
microscopic analysis because of the limitations of shale samples
and analytical costs.

3.1. Organic Geochemical Examinations. Geochemical
analyses, including the total organic carbon (TOC) content,
Rock-Eval programmed pyrolysis, bitumen extraction, gas
chromatography (GC) and gas chromatography-mass spectros-
copy (GC—MS) analyses, as well as carbon isotope composition
(°3C), were conducted on the Mukalla shale samples from the
studied wells, and their OM compositions were measured.

The TOC measurement was performed on the studied 77
shale samples using a LECO CS125 system and measured in
weight %. However, the crushed samples were treated to remove
carbonate minerals with 10% diluted hydrochloric acid before
determining the organic carbon content.

The programmed pyrolysis analysis was subsequently
performed on 40 shale samples using a Rock Eval-II instrument.
This analysis was carried out using a programmed oven
temperature between 300 and 600 °C according to the

procedure outlined by Espitalie et al.’*® and Lafargue et al.*’

After the heat treatment, three chromatographic peaks (S;, S,,
and S;) were generated, and the T,,,, values were determined
(Table 1). The S; peak is indicative of the volatized
hydrocarbons in the rock at 300 °C, the S, peak is assigned to
the hydrocarbons generated from insoluble kerogen during
heating from 300 to 600 °C, and the peak S; indicates the
amount of CO, entrapped at 390 °C during the thermal
alteration of the oxygenated organic compounds. T, is the
temperature at the S, peak, indicating the maximum hydro-
carbon generation amount through the pyrolysis at a temper-
ature between 300 and 600 °C; it is also an indicator of the OM
maturity.

The following additional indices were calculated from the
pyrolysis data: hydrogen index [HI = (S,X100/TOC) mg HC/g
TOC], oxygen index [OI = (S; X 100/TOC) mg CO,/g TOC],
and production index [PI = S,/(S; + S,) mg HC/g rock],
following the studies of Peters and Cassa.”

Afterward, selected four shale samples from Al-Furt-01 and
Al-Jeza-01 wells were subjected for bitumen extraction using
Soxhlet-extracted for 72 h, with a mixture solvent (dichloro-
methane and acetone). The extracted bitumen fraction in these
shale samples was broken down into their individual
components, including aliphatic, aromatic, and polar compo-
nents (NSO) using liquid column chromatography. In addition,
the aliphatic fraction from the four shale samples was then
analyzed using the GC system. The GC experiment was
performed using a Hewlett Packard 5890, with the temperature
rising at a rate of 3 °C per minute from 70 to 270 °C and then
remaining constant at 270 °C for 30 min.

Later, the GC—MS was utilized to decipher the saturated
hydrocarbon fraction within the selected two shale samples

https://doi.org/10.1021/acsomega.3c03691
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Table 1. Geochemical Results of the Analyzed Organic-Rich Shale Samples within the Mukalla Formation from Three
Exploration Well Locations (Al-Armah-01, Al-Furt-01, and Al-Jeza-01) in the Onshore Jiza-Qamar Basin, Eastern Yemen,
Including TOC Content, Programmed Pyrolysis (Rock-Eval-II), Maceral Composition, and Vitrinite Reflectance (VRo %)

Measurements”

depth
field well (m)
Onshore Al-Armah-01 717
Jiza
-Qamar
Basin

765
774
786
804
834
858
864
867
876
888
894
924
933
975
984
996
1014
1020
1044
Al-Furt-01 756
783
810
813
843
870
873
900
903
930
933
960
963
990
1020
1053
1080
1083
1110
1113
1140
1143
1170
1203
1230
1233
1260

depth
field well (m)

Onshore Jiza Al-Jeza 2045
-Qamar Basin -01

2141

TOC
Wt %

4.17

3.43
3.95
2.38
2.46
3.39
15.40
S5.69
3.40
2.00
131
1.81
0.98
3.00
1.70
2.56
5.37
3.23
2.72
0.94
1.84
391
2.66
2.69
2.07
1.50
224
1.78
2.64
3.55
1.92
2.37
1.48
221
1.42
0.92
1.35
1.05
0.96
1.5§
125
0.94
0.72
2.73
2.19
1.84
1.35

TOC
wt %

1.58

4.00

Rock-Eval pyrolysis data

maceral composition (wt. %)

vitrinite

S;-HC  S,-HC  S,-CO, T HI OI PI reflectance
(mg/g) (mg/g) (mg/g) (oné) (mg/g) (mg/g) (mg/g) liptinite vitrinite inertinite (VRo %)
30 65 S 0.39
1.62 S5.41 1.38 441 137 35 0.23
0.17 2.28 2.19 432 96 92 0.07
0.87 3.47 0.71 442 141 29 0.20
0.74 5.42 0.85 438 160 25 0.12
0.65 15.55 4.31 429 101 28 0.04
1.95 14.28 1.02 431 251 18 0.12
0.08 1.90 2.18 432 56 64 0.04
0.08 1.82 242 433 91 121 0.04
0.07 0.58 1.79 432 44 137 0.11 15 75 10 0.44
0.44 233 0.58 442 129 32 0.16
0.54 1.21 0.43 445 123 44 0.31
15 75 10 0.43
0.04 1.04 0.99 43S 61 58 0.04
091 2.89 0.87 437 113 34 0.24
0.22 5.32 2.79 432 99 52 0.04
0.59 6.01 0.65 442 186 20 0.09
0.07 1.66 1.44 439 61 53 0.04 15 85 minor 0.40
0.12 0.28 0.36 445 30 38 0.30
0.03 0.72 1.32 426 39 72 0.04
0.01 1.41 2.39 439 36 61 0.01
1.63 4.20 1.68 439 158 63 0.28
0.02 0.78 242 437 29 90 0.02
0.02 0.50 2.17 438 24 105 0.04
0.04 0.85 2.80 436 38 128 0.04
0.25 2.03 0.89 43S 114 S0 0.11
0.01 1.45 1.85 439 5SS 70 0.01
0.27 6.46 0.99 43S 182 28 0.04
0.01 0.86 1.56 439 45 81 0.01
0.19 3.65 1.04 436 154 44 0.05
0.07 0.77 1.47 439 52 99 0.08
0.21 2.74 0.95 437 124 43 0.07
0.63 1.41 1.68 440 99 118 0.31 10 85 S 0.42
0.43 1.36 1.30 437 101 96 0.24
0.06 0.56 1.97 440 S3 188 0.1
0.05 0.81 1.33 429 52 86 0.06
0.04 0.79 0.73 439 63 58 0.05
0.06 3.03 0.87 43S 111 32 0.02
0.09 2.80 0.70 440 128 32 0.03
0.04 1.18 0.81 441 64 44 0.03
Rock-Eval pyrolysis data Maceral composition (wt %)
S.HC  S,HC  $,-CO;, Ton PI
(mg/g) (mg/g) (mg/g) (°C) (mg/g) (mg/g) (mg/g) liptinite vitrinite inertinite
30487 https://doi.org/10.1021/acsomega.3c03691
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Table 1. continued

Rock-Eval pyrolysis data

Maceral composition (wt %)

depth TOC S.HC S,HC  $,-CO,
field well (m) wt %  (mg/g) (mg/g) (mg/g)

2142 4.65 0.09 8.51 1.02
2235 1.04

2265 1.34

2271 1.30 0.07 1.27 1.63
2295 0.95

2307 1.35 0.03 1.27 1.32
2325 1.61 2.24 0.34
2355 242 0.06 6.27 0.29
2385 1.77

2406 1.18 0.03 0.96 0.61
2415 1.03

2418 0.80 0.08 0.84 0.89
2565 0.74

2610 0.83 0.03 0.51 0.45
2670 1.43 0.08 1.24 0.53
2685 1.52 0.03 0.78 0.53
2715 1.41 0.06 1.00 0.51
2718 1.22 0.05 1.09 1.07
2730 1.10 0.04 0.90 0.69
2745 1.18 0.03 0.52 0.32
2775 1.68 0.05 1.75 0.45
2778 1.38 0.10 1.53 0.94
2805 19.48

2814 5.30 0.44 8.27 1.33
2835 10.34

Tp  HI oI PI

(°C) (mg/g) (mg/g) (mg/g) liptinite vitrinite inertinite

434 183 22 0.01 10 90 minor 0.45

436 98 125 0.05

438 94 98 0.02 minor 100 minor 0.52

445 139 21

438 259 12 0.01

439 81 52 0.03

434 108 111 0.09

438 61 54 0.06

440 87 37 0.06 S 90 S 0.52
51 35 0.04

446 71 36 0.06

438 89 88 0.04

438 82 63 0.04 minor 95 S 0.51
44 27 0.05

453 104 27 0.03

436 111 68 0.06 minor 95 S 0.50

43S 156 25 0.05

minor 100 minor 0.71

“TOC = total organic carbon; S;-peak = free contents of hydrocarbon(mg HC/g rock); S,-peak = remaining hydrocarbon potential (mg HC/g
rock); S; peak = produced carbon dioxide (mg CO,/g rock); HI = S, X 100/TOC (mg HC/g rock); OI = S; X 100/TOC (mg CO,/g TOC); Tpax
= maximum temperature at peak of S,(°C); and PI = production index [S;/(S; + S,)].

using Hewlett Packard MSD with a 30/60 DB5-MS column.
The GC—MS furnace consisted of a capillary column which is 30
m long and 0.32 mm in diameter, and the samples were warmed
from 60 to 300 °C, at a rate of 3 °C/min rate, and carried out
through the GC line operating at 300 °C for 20 min. As a result,
the lipid compounds within the saturated HC fraction, i.e.,
hopanoids, terpanes, and steranes, were produced and analyzed
based on the peak heights from m/z 191 and 217 mass
fragmentograms, respectively.

Bulk °*C composition facility was obtained from the
geochemical laboratories of Simon Petroleum Technology
Limited, United Kingdom. This analysis was carried out on
the aliphatic and aromatic fractions from two shale samples
using a VG 602 mass spectrometer. The '*C/'*C isotope ratio of
the saturate and aromatic HC fractions was determined using
the combustion technique of Sofer and a Finnigan Delta E
isotope ratio mass spectrometer.’” The results are calibrated
against the Pee Dee Belemnite standard.

3.2. Organic Petrology. Organic petrographic examina-
tions, including the maceral content and reflectance measure-
ment, were performed on the 11 shale samples using a standard
polished block method.”” The entire shale samples were
pulverized into tiny pieces (around 1.5—2 mm, pea sized) and
then inserted into molds using a SeriFix resin with cold-mount
hardener combination. The blocks were polished after harden-
ing to expose the sample’s surface. Then, using silicon carbide
paper and alumina powder, those were singly polished to
smooth the surfaces following ASTM D2797-04.

The polished blocks of the shale samples immersed in oil
under white plane-polarized reflected light, which enabled a
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good measurement of the vitrinite reflectance (VRo). The
percentage of vitrinite reflectance (% VRo) was measured after
calibration using a Zeiss microscope and Leitz Orthoplan/MPV
photometry system, and the mean of reflectance values were
calculated from more than 40 measurements per sample.

In addition, the polished blocks of the 11 shale samples
immersed in oil were examined for the type of maceral and
differentiation of its assemblages.

4. RESULTS

4.1. Organic Petrology. Organic petrology has been
characterized by microscopic investigation and used to measure
the % VRo under plane-polar reflected light. The results show
that the analyzed shales in the studied wells exhibit VR range
between 0.39 and 0.71% (Table 1), indicating immature to early
mature oil generation window (Figure 4).

The Mukalla shale samples from the wells Al-Armah-01 and
Al-Furt-01 reached shallow burial depths of less than 1300 m
(Figure 3), which is congruent with the immature stage,
exhibiting VRo values between 0.39 and 0.44% (Figure 4). In
contrast, the shale samples from Al-Jeza-01 well were collected
from depths between 2000 and 2800 m (Figure 3) and attained a
different degree of thermal maturity (Figure 4), ranging from
immature to the early mature oil generation window (Figure 4).
Samples between 2300 and 2800 m from this studied well
exhibit relatively higher maturity level of the early mature oil
generation window (Figure 4). The relatively high maturity level
is possibly because of the burial temperature at the relatively
deep burial depths of more than 2300 m (Figure 4).
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Figure 4. Distributions of the measured VRo via burial depth in the
studied wells, showing that the analyzed Mukalla shale samples have
different thermal maturity, ranking from immature to early mature oil
generation window.

In addition, the maceral composition was also performed on
the studied 11 shale samples using microscopic investigation
under plane-polar reflected light. The overall composition of the
macerals was determined based on free mineral matter, with the
observations being presented in Table 1. The results show that
the studied Mukalla shales have a high abundance of the vitrinite
maceral, derived from terrestrial OM of up to 100% (Table 1).In
contrast, liptinitic and inertinite macerals are represented in
minor amounts, ranging from 5 to 30% and 5 to 10%,
respectively (Table 1).

4.2. TOC and Rock-Eval Pyrolysis Results. The geo-
chemical results of the Mukalla shale samples in the studied
wells, including the TOC content and several parameters of S,
S,, S3, HI, O], and PI obtained from the Rock-Eval pyrolysis, are
summarized in Table 1.

The measured TOC contents of all the studied shale samples
in the Mukalla Formation exhibit values in the range of 0.74—
19.48 wt % (Table 1). Most of the measurements indicate a
TOC content of >1 wt % (1.03—19.48 wt %), whereas other
samples exhibited a lower TOC content of 0.74—0.96 wt %, as
shown in Table 1.

The petroleum yield of S, was generated during the
programmed pyrolysis and generally consistent with TOC
contents (Figure Sa). The S, values range between 0.28 and
15.55 (Table 1). Most of the samples have lower S, yields,
ranging between 0.28 and 4.24 mg HC/g rock (Table 1),
whereas the remaining 10 samples exhibit S, values of >5 mg
HC/g rock (5.32—15.55 mg HC/g rock), as shown in Table 1.
Moreover, the S, generation of most of the analyzed shale
samples was found to be more than 1. Therefore, the most
reliable Rock-Eval T, value was determined to be between
values of 429 and 453 °C (Table 1).
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Figure 5. Geochemical correlations between (A) TOC content versus
Rock-Eval pyrolysis (S,) and (B) TOC content versus Rock-Eval
pyrolysis (S,) for the analyzed organic-rich shale samples of the Mukalla
Formation in the studied wells, implying that these shales exhibit good
petroleum generation potential and contain mainly indigenous OM.

Conversely, the pyrolysis data revealed that the free
petroleum (S;) yields in most of the examined shale samples
are smaller, ranging from 0.01 to 1.95 mg hydrocarbon/g rock
(Table 1). The low values of free hydrocarbon yields (S,) may
suggest that the Mukalla shales from the studied wells are still in
the low mature level and mainly consist indigenous OM, as seen
in the TOC-S; cross-plot (Figure Sb).

In this study, hydrogen, oxygen, and production indices were
also obtained based on the S;, S,, and S, yields (see Table 1).
However, the HI values of the shale samples under consideration
were calculated by the combination between the S, yielded from
pyrolysis and TOC contents and show range between 24 and
259 mg HC/g TOC (Table 1). Most of the shale samples exhibit
HI values of <200 mg HC/g TOC (24—186), whereas other two
samples show the highest HI values between 251 and 259 mg
HC/g TOC (Table 1).

In addition, the amount of CO, released during the pyrolysis
of the oxygenated organic compounds (S; peak) was in the range
of 0.29—4.31 mg CO,/g rock (Table 1). The S values were also
compared with TOC contents and used to calculate the OI The
Ol values of the studied shale samples range from 12 mg CO,/g
TOC to 188 mg CO,/g TOC (Table 1). Most of the shale
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Figure 6. (A) Gas chromatograms, (B) m/z 191, and (C) m/z 217 mass fragmentograms of the aliphatic hydrocarbon fraction in the analyzed two
organic-rich shale samples of the Mukalla Formation in the studied wells.

samples show OI values of less than 100 mg CO,/g TOC (12—
99), whereas other few samples show the highest OI values
between 10S and 188 mg CO,/g TOC (Table 1).

4.3. Biomarker Distributions. In the current study, the
biomarker distribution of normal alkanes, isoprenoids, hopa-
noids, terpanes, and steranes of aliphatic HC fraction in the
extracted Mukalla organic-rich shale samples was assessed using
GC chromatography and CG-MS mass fragmentograms (Figure
6).

The gas chromatography of the studied shale samples
comprises mainly of a series of n-C,3 to n-Csg n-alkanes and is
dominated by medium to high-molecular-weight homologues
(n-Cis to n-C;;) (Figure 6a). Medium-molecular-weight
(MMW) n-alkanes (C;3 to C,,) are present in subordinate
abundance while high-molecular-weight alkanes (>n-C,;) are
present in high concentration (Figure 6a). In this normal
alkane’s distribution, the calculated carbon preference index
(CPI), waxiness degree (WI), and terrigenous/aquatic ratio
(TAR) were found to be in the range of 1.22—2.35, 3.20—5.33,
and 4.05—6.00, respectively (Table 2).

The GC chromatograms also indicated the existence of
pristane (Pr) and phytane (Ph) in the acyclic isoprenoid-
examined samples as well (Figure 6a). The examined samples
exhibit higher Pr when compared to Ph (Figure 6a), resulting in
a higher Pr/Ph ratio of more than 3 (3.82 < Pr/Ph < 7.46)
(Table 2). Moreover, the isoprenoids when compared to n-
alkane concentrations (C;,—Cs) result in the Pr/n-C,, and Ph/
n-C g ratios varying from 2.47 to 8.20 and from 0.42 to 1.28,
respectively (Table 2).
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The m/z 191 chromatograms of two shale samples detected
the presence of hopanoid and terpanes biomarkers (Figure 6b).
In the examined shale samples, hopanoids are abundant and
characterized by abundant Cs, hopanes, C,y norhopanes, and
homohopanes of C;,—C;s (Figure 6b). Cy hopane is the
dominant hopanoid, followed by C,, norhopanes (Figure 6b),
resulting in a C,y/Cs ratio between 0.62 and 0.95 (Table 2).
The observed lower hopane C,y/Cs ratio of less than 1 indicates
clay-rich facies."' The C;, hopane also dominates relative to the
C5;R homohopane (Figure 6b), with a relatively low C5,R/Cy
ranging from 0.23 to 0.24 (Table 2).

One of the prominent features is the presence of C,, 18a (H)-
22, 29, 30-trisnorneohopane (Ts), and C,, 17a (H)-22, 29, 30-
trisnorhopane (Tm) in the m/z 191 mass fragmentogram
(Figure 6b). The m/z 191 data exhibited significant quantities of
C,; 17a (H)-22, 29, 30-trisnorhopane (Tm), with high Tm/Ts
ratio in the range of 7.71—13.12 (Table 2). Moreover, several
biomarker maturity ratios of the hopanes in the m/z 191 mass
fragmentogram, specifically 225/(22S + 22R) in C;, homo-
hopane and C,, moretane/Cy, hopane (CM;,/Cy,), were
calculated and are shown in Table 2.

Steranes and diasteranes are observed to be the most
prominent compounds found in the m/z 217 mass fragmento-
gram of the saturated HCs (Figure 6¢). In general, as compared
to the abundance of diasteranes, mass fragmentograms of m/z
217 show a significant abundance of steranes (Figure 6¢). In
accordance with the steroid distributions, the C,,—C,q regular
steranes consist of majorly Cyg regular sterane, along with minor
amounts of C,g and C,; regular steranes (Figure 6c), resulting in
the relative percentages in the range of 16.66—17.27% C,,,
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Figure 8. Geochemical biomarker results of the analyzed organic-rich
shale samples showing (A) CPI versus waxiness degree (WI) and (B)
terrigenous/aquatic ratio (TAR) versus W1, indicating that these shale
sediments contain mainly terrigenous OM.

to infer the high contributions of terri7genous OM deposited
under oxic environmental conditions.””*® The finding of the
considerable concentration of terrigenous OM and highly oxic
environmental conditions also demonstrated by the isoprenoids
was compared to n-alkane concentrations (C.,—Cg), as
indicated from the Pr/n-C;; and Ph/n-C; ratios (Figure 9a).
This interpretation of the high contributions of the terrigenous
OM input under oxic conditions is also reinforced by the
hopanoid and sterane distributions over the m/z 191 and 217
mass fragmentograms (Figure 6b,c).

In the m/z 191, the C;yhopane dominates relative to the C5;R
homohopane (Figure 6b), with a relatively low C;;R/Cs
ranging from 0.23 to 0.24 (Table 2), inferring a non-marine
setting for the deposition of the shales, as values more than 0.25
demonstrate marine depositional environment.** This inter-
pretation is corroborated by the association between the C5,R/
C;o hopane and Pr/Ph ratios and indicates that the Mukalla
shales were deposited in fluvial to fluvial deltaic depositional
environments under highly oxic conditions (Figure 9b).

The elevated abundance of the Tm relates to the Ts (Figure
6b), with high Tm/Ts ratio of all the examined shale samples
(Table 2), supporting the interpretation of the fact that these
shale sediments received high contributions of terrigenous OM
input.’”>" The higher C,y regular sterane than C,, and Cyg
regular steranes (Figure 6c and Table 2) also supports the
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Figure 9. Geochemical biomarker results of the analyzed organic-rich
shale samples showing (A) pristane/n-C,, versus phytane/n-C,z and
(B) Pr/Ph versus Cj, regular homohopane/Cy, hopane (HCR;,/
HC,,), indicating that these shale sediments contain mainly terrigenous
OM and were deposited in fluvial to fluvial-deltaic environments under
highly oxic conditions.

inference of primarily OM derived from land plants based on the
adapted ternary diagram of Huang and Meinschein,*” as shown
in Figure 10. In addition, the higher abundance of the land plant
OM input was also assessed by a low C,;/Cy, regular sterane
ratio (Figure 11).
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Figure 10. Ternary diagram of regular steranes (C,;—C,,) in the
aliphatic hydrocarbon fraction in the analyzed organic-rich shale
samples.
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Figure 11. Geochemical biomarker results of the C,,/Cyg regular
steranes versus Pr/Ph ratio, indicating OM derived primarily from
higher land plant OM and deposited under highly oxic conditions.

Moreover, the biomarker measurements are in compatibility
together with the microscopic examination of the Mukalla shale
samples. In this case, the high abundance of the land plant OM
input to the Mukalla shale sediments is consistent with the
observation of predominantly vitrinite maceral of up to 100%
(Table 1). The vitrinite assemblages are mainly non-marine in
origin (i.e., fluvial to fluvial deltaic environments) and were
deposited under oxic environmental conditions.

5.2. Source Rock Characteristics and Implications for
Hydrocarbon Exploration and Development. The source
rock characteristics and efficacy of the hydrocarbon generation
of the studied shale intervals of the Mukalla Formation from
three exploration wells drilled in the onshore Jiza-Qamar Basin
were discussed based on multi-geochemical results and
microscopic features of the organic facies. However, extensive
research on the successful exploration basins of unconventional
and conventional petroleum resources, especially organic-rich
sediments, indicates that OM abundance, OM type, maturity,
and generation potential are worth considering."” Most studies
have considered shale sediments with TOC > 2 wt % as high-
quality source rocks.”*** However, the TOC content is
conventionally reported as a function of weight percent, and it
indicates the OM quantity in the sediments and their capacity
for petroleum generation on thermal maturation.>

In terms of the TOC content, the high TOC values are
represented for most of the analyzed Mukalla shale samples in
the onshore Jiza-Qamar Basin with values >1 wt % and up to
19.48 wt % (Table 1), indicating a good source rock
characteristics and ranking from good to very good hydrocarbon
generation potential based on the association between the
TOCs and thermal cracking of kerogen (S,) values obtained by
Rock-Eval pyrolysis (Figure 12a). However, the higher TOCs
than S, yields (Table 1) also suggest the inference of primarily
Type III and IV kerogen derived from land plants based on the
adapted cross-plot of Langford and Blanc-Valleron® (1990), as
seen in Figure 12b.

The interpretation of high contribution of hydrogen-poor
kerogen is also inferred by the programmed pyrolysis results.
The pyrolysis HI results are employed to recognize the bulk
kerogen types.’® Hear, the studied organic-rich shale horizons of
the Mukalla Formation under consideration contain mainly
Types III and IV kerogen, with minor contributions of mixed
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Figure 12. Geochemical correlations between the TOC content and
Rock-Eval pyrolysis (S,) for the analyzed organic-rich shale samples of
the Mukalla Formation in the studied wells, showing that (A) these
shales range from good to very petroleum generation potential and (B)
contain mainly Type III and IV, with minor Type II/III kerogens.

III/II kerogen, as indicated when the HI and OI parameters
were plotted on the Van-Krevelen kerogen-type diagrams
(Figure 13a). The high contributions of the hydrogen-poor
Types III and IV kerogen corroborate well with the T, vs HI
cross-plot (Figure 13b). By evaluating the bulk kerogen, it is
evident that these shales are mainly gas-prone source rocks, as
implied from the cross-plot of the TOC and HI geochemical
data (Figure 14).

In addition, the sedimentary environment is an important
factor in controlling the quality of the source rocks and
hydrocarbon potential. In this regard, the fluvial, deltaic
environment with a highly oxic and high deposition rate of the
studied shales (Figure 9) would be beneficial for the formation
of laminated or intercalated coaly sediments and shale layered
structures, favoring land plant-derived OM abundant in
hydrogen-poor kerogen (Figures 8, 10, and 11). The high
contribution of hydrogen-poor Type III kerogen from the
studied Mukalla shales is also confirmed by the high proportion
of vitrinite maceral, as seen in the ternary diagram of Cornford®”
16 (Figure 15a). The high abundance of vitrinite maceral also
suggests that the shale intervals of the Mukalla Formation are
mainly considered to be gas-prone source rocks, as indicated
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Figure 14. Geochemical correlations between the TOC content and
Rock-Eval data (HI), implying that the analyzed Mukalla shale samples
are both oil- and gas-prone source rocks, with high gas generation
potential.

when the maceral composition is plotted on the Cornford’s
ternary diagram (Figure 15b).

Besides, the hydrocarbon generation capacity of the analyzed
shale samples in the studied wells was further assessed for
thermal maturity using several thermal maturation indicators,
including % VRo, Rock-Eval pyrolysis (T, and PI) data.

The VR measurements are the best indicator in providing
valuable information about the organic maturation and
evolution of the petroleum generation capacity.”®*” In our
case, the Mukalla shale samples from the studied wells have
different thermal maturity stage, ranging from immature to very
early mature oil generation window, as seen in Figure 4.
However, the T, and PI values confirm the previous thermal
maturity level obtained from VR results. The T, values show
that the examined organic-rich shale samples are in low
thermally mature and have entered immature to early mature
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oil generation window (Figure 13b). Moreover, the PI values
were also evaluated through Rock Eval (RE) pyrolysis (S; and
S,), ranging between 0.04 and 0.31 (as shown in Table 1). This
also agrees that the analyzed shales fall within the immature to
early mature of oil window, as implicated by the relationship
between PI and T, (Figure 16).

The maturity degree of the Mukalla shale samples from the
studied wells was also assessed using maturity-sensitive
biomarker parameters of the n-alkane together with hopane
and sterane biomarker data.“”®” An estimate of the source
rocks’ maturity level can be derived from the n-alkane
distribution in terms of CPL°“®’ In this case, CPI values
decrease from approximately 1.5 in immature source rocks to
less than 1 in mature source rocks.”” The CPI values obtained for
the analyzed shales range from 1.22 to 2.35 (Table 2), indicating
immature to early mature source rock.

In addition, the hopanes and steranes in the m/z 191 and 217
mass fragmentograms, specifically 22S/(22S + 22R) in Cy,
homohopanes, Cy, moretane/Cs, hopane (CM,,/Cy,), and Cy,
sterane ratios of the 20S/(20S + 20R) and B3/ (fp + aa) (Table
2) also demonstrated the most accurate indications of biomarker
maturity.éz_é5

The distribution of the C;,-homohopane is used to determine
the [225/(22S 22R)] isomerization ratio. As thermal maturity
grows, this ratio reaches a maximum of 0.70.°* The source rock s
considered immature if the Cs, ratio falls below 0.50. The source
rocks with early mature to peak oil window have C;, ratios of
0.50 to 0.58, while an equilibrium point larger than 0.58
indicates further maturation phases.”* Following this scale, the
examined shales have different thermal maturity level, ranging
from immature to the early mature oil generation phase, as
demonstrated by the C;, hopane ratios between 0.43 and 0.52
(Table 2). It is also important to note that the ratios of the C,q
steranes 20S/(20S + 20R) and B3/(Bf + aa) show the source
rock’ thermal maturity.>~ The oil window has reached if these
ratios are more than 0.30 and 0.40.°>%” Mukalla shale samples in
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Figure 1S. Ternary diagrams on the relative percentage of maceral types show that (A) analyzed shale samples are dominated by hydrogen-poor Type
III kerogen and (B) analyzed shale samples can generate mainly gas HC.
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Figure 16. Relationship between thermal maturity indicators of Ty,
and PI for the analyzed organic-rich shale samples of the Mukalla
Formation in the studied wells, showing immature to early mature
maturity zones.

this study have 208/(20S + 20R) and /(3 + aa) Cy, sterane
ratios in the range of 0.24—0.40 and 0.32—0.40, respectively
(Table 2), which further suggested immature to early mature
source rocks (Figure 17a). This interpretation of the low thermal
maturity for the Mukalla shale samples in the studied wells is also
confirmed by combining the C;, hopane and C,, sterane /(3
+ aa) ratios (Figure 17b).

The CM,,/C;, ratios obtained from the mass fragmento-
grams of the m/z 191 are consistent with this maturation
interpretation. As maturity increases, CM;,/Cs, ratios decrease
from approximately 0.8 in immature source rocks to less than
0.15 in mature source rocks, according to Mackenzie et al.% The
relatively high CM;,/C; ratios of the analyzed shale samples
between 0.35 and 0.64 (Table 2) indicate low mature source
rocks. The Ts/Tm ratio with the CM;,/C;, ratio also suggests
different maturity levels of the shale samples in the studied wells
(Figure 16¢).

These biomarker maturity results are consistent with the
previously maturity data of VRo, T, and PI, as seen in Figures 4
and 16, and reveal that the OM (mainly hydrogen-poor
kerogen) in the shale intervals of the Mukalla Formation from
the studied wells in the onshore Jiza-Qamar reached low
maturity level of the oil generation window and the commercial
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quantities of gas are yet to be generated. However, the maturity
level of the studied shale section in the studied wells is vertically
increased with the burial depth (Figure 4), and this is probably
due to the burial temperature distributions. Therefore, the
geothermal gradient through the burial depth is the critical
factor that significantly affects the thermal maturity of the
Mukalla source rock system and must be taken into account
during development and hydrocarbon exploration through the
Jiza-Qamar Basin.

However, because of tectonics, paleogeography, and paleo-
environmental deposition, the Mukalla Formation is equivalent
throughout the Jiza-Qamar Basin in many ways. The primary
difference between the Mukalla Formation across the Jiza-
Qamar Basin (including this research) is connected to burial
depths. As one goes through the Jiza-Qamar, the Mukalla
Formation reached relatively shallow burial depths between 750
and 2840 m in the onshore part of the basin (Figure 3) and from
3100 to 4750 m in the offshore part of the basin.” This indicates
that the Mukalla organic-rich shale source rock system in the
deeper stratigraphic succession in the offshore Qamar-Jiza Basin
likely achieved substantially high levels of thermal maturity
because of burial temperatures and can be considered as a
suitable candidate for producing commercial amounts of gas in
the basin’s offshore regions.

6. CONCLUSIONS

Organic-rich shale samples of the Late Cretaceous Mukalla
Formation taken from three exploration wells in the onshore
Jiza-Qamar Basin, Yemen were geochemically analyzed and
utilized to define their OM characteristics and ability for
potential of gas generation. Biomarker measurements together
with carbon isotopic compositions were also utilized to assess
the origin and source OM input and environmental conditions
during the deposition of the Mukalla shale sediments.
The study’s findings are summarized below.

e The shale samples from the studied wells are good to
excellent source rocks capable of generating hydrocarbons
based on their OM content, in which they have high TOC
values of more than 1 wt % and up to 19.48 wt %.

Geochemical characteristics together with microscopic
investigation reveal that the studied Mukalla shales
contain mainly hydrogen-poor Types III and IV kerogen
and small amounts of mixed III/II kerogen, with HI values
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Figure 17. Geochemical cross-plot of the maturity—biomarker
parameters the analyzed organic-rich shale samples showing (A) C,,
sterane 20S/(20S + 20R) versus 38/(8f + aa), (B) Cs, hopane 225/
(228 + 22R) versus C,g sterane /(B + aa), and (C) Ts/Tm versus
CM;,/C3, showing immature to early mature oil generation window.

between 24 and 259 mg HC/g TOC; thus, they can
generate mainly gas.

Different biomarker ratios together with carbon (5"C)
isotopic values in cross-plots reveal that the studied shales
contain the OM derived primarily from terrigenous land
plants and deposited in fluvial to fluvial deltaic environ-
ments under highly oxic conditions. The characteristics of
the high contributions of terrigenous OM are in
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agreement with the abundance of vitrinite maceral as
established via a microscope.

Using biomarker maturity indicators, the Mukalla shales
in the studied wells from the onshore Qamar-Jiza Basin
reached shallow burial depths, having low thermal
maturity degree, comparable to the immature to early
mature of the oil window stage. Therefore, they have not
yet generated commercial amounts of hydrocarbon.
This study can serve as a foundation for future
hydrocarbon exploration in the deeper structural units
of the offshore Qamar-Jiza Basin, where the Late
Cretaceous Mukalla Formation has reached the high
maturity level of the gas generation window and could
release commercial amounts of gas.

Bl APPENDIX A

Peak assignments for hydrocarbons in the gas chromatograms of
saturated fractions in the m/z 191 (I) and 217 (II) mass
fragmentograms (Table 3) (use for reference to explain Figure

9).

Table 3. Peak Assignments

(I) Peak no. Compound abbreviation

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

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

29 17a,21(H)-nor-hopane C29 hop
30 17a,215(H)-hopane Hopane
30M 17,21 (H)-Moretane C30Mor
318 17a,21(H)-homohopane (22S) C31(225)
31R 17a,215(H)-homohopane (22R) C31(22R)
328 17a,21(H)-homohopane (22S) C32(229)
32R 17a,21(H)-homohopane (22R) C32(22R)
33S 17a,215(H)-homohopane (225) C33(229)
33R 17a,213(H)-homohopane (22R) C33(22R)
34S 17a,215(H)-homohopane (225) C34(225)
34R 17a,21(H)-homohopane (22R) C34(22R)
358 17a,21(H)-homohopane (22S) C35(225)
35R 17a,21(H)-homohopane (22R) C35(22R)
(IT) Peak no.

a 13$,17a(H)-diasteranes 20S Diasteranes
b 13f3,17a(H)-diasteranes 20R Diasteranes
c 13a,17(H)-diasteranes 20S Diasteranes
d 13a,17p(H)-diasteranes 20R Diasteranes
e Sa,14a(H), 17a(H)-steranes 20S aaa20S

f Sa,14f(H), 17a(H)-steranes 20R afp20R

g Sa,14p(H), 17a(H)-steranes 20S app20S

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