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Abstract

This study examines the geochemical and petrological characteristics of 16 carbonate-rich (i.e., chalky marl, chalky limestone,
and limestone) samples of the Upper Cretaceous Shu’ayb Formation in the Ajloun region, northern Jordan, to decipher the
organic matter characteristics and predict the geological temperatures for oil generation. The carbonate-rich sediments under
investigation exhibit high TOC (up to 12.39 wt%) and high hydrogen index (314-920 mg HC/g TOC), indicating Types I-1I
kerogens. The dominance of such hydrogen-rich kerogen is confirmed by the fluorescent alginite, amorphous organic matter
(AOM), and bituminite organic matter. The studied organic facies are sulfur-rich and comprise of Type II organic matter,
exhibiting the possibility of producing paraffinic oil with a low wax component, according to pyrolysis—gas chromatography.
The broad distributions of activation energy (37-66 kcal/mol) in the bulk kinetic model of the analyzed samples show a
mixture of organic matter (i.e., mainly marine-derived organic matter and minor land plant input).

The kinetic models suggest that bulk petroleum formation began at relatively low geological temperatures between 104 and
116 °C, which corresponds to a vitrinite reflectance range of 0.58-0.66%. These activation energy distributions and low
anticipated vitrinite reflectance values are largely compatible with the Type II-S kerogen organic facies, suggesting that the
investigated Upper Cretaceous organic-rich carbonate may have produced sulfur-rich oils during the initial phases of kerogen
conversion.

Keywords Upper Cretaceous - Organic-rich carbonates - Hydrogen-rich kerogen - Kinetics modeling - Wadi Ajloun -
Northern Jordan

1 Introduction

B Mohammed Hail Hakimi

ibnalhakimi @yahoo.com Organic matter-rich formations are the key hydrocarbon
resources worldwide. The study of the organic properties and
petroleum generative potential shed critical insights on the
conventional as well as unconventional petroleum resource
potential. Geochemical and microscopic investigations are
the primary tools to achieve these objectives [1].

Jordan ranks eighth out of 37 countries in the world with
resources of organic-rich sediment, exceeding 65 billion tons

of oil shale deposits [2]. Upper Cretaceous-Eocene sediments
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strata, such as bituminous carbonates, marls, chalky marles,
and chalks [3]. All of these oil resources are considered to
be of high quality [4-7].

A number of researchers have assessed the origin, pale-
odepositional, climatic, and geochemical circumstances of
organic matter, as well as the potential for petroleum gen-
eration potential of these sediments based on geochemical
analyses and microscopic investigations [8—12]. Most of the
Upper Cretaceous and Eocene sediments in Jordan’s central
and northern areas are organic-rich with high TOC content
(up to 10 wt%). These were deposited in marine anoxic
environments and received considerable alginite materials
[13-15]. While Hakimi et al. [3, 6] reported the occurrence
of a variety of organic materials within the Maastrichtian oil-
shales recovered from the northern and central Jordan, little is
known about the organic-rich sediments found in the Upper
Cretaceous successions of northern Jordan, especially those
from the Cenomanian—Turonian ages, which is the primary
objective of this study.

The current research focuses on the Upper Cretaceous
organic-rich carbonates (Cenomanian—Turonian), particu-
larly those of the Shu’ayb Formation in the Ajloun area in
northern Jordan (Fig. 1). Multi-geochemical methods and
microscopic investigations are combined to characterize the
organic matter and determine its petroleum generative poten-
tial. Additionally, this study discusses the utility of bulk
kinetic results to predict maximum geological temperatures
for oil generation.

2 Geological Setting

Major shifts in the depositional environment associated with
changes in the tectonic setting of the north-western margin of
the Arabian Plate marked the Cenomanian in Jordan. These
shifts are recognized by changes in the type of sediment
deposited during that time [16]. At the Cenomanian—Turo-
nian boundary, organic matter-rich sediments were deposited
in the Wades Mujib and Ajloun sites. The studied Cenoma-
nian—Turonian sediments represent inner and mid- shelf [17]
which overlie the shallow sub-tidal and supra-tidal platform
sediments of the Cenomanianage [18, 19].

The Wadi Ajloun area in the northern part of Jordan is
filled with Upper Cretaceous rocks, ranging from Cenoma-
nian to Turonian in age (Fig. 2). The Upper Cretaceous rock
units are known as the Ajloun group [20]. The group com-
prises several formations listed from oldest to youngest as
follows: (1) Fuhays, (2) Hummar, and (3) Shu’ayb (Fig. 1B).
The Ajloun sediments primarily consist of soft marl, marly
limestone, and shale with thinner and harder interbedded
limestone [20]. The Fuhays Formation was deposited in the
early Cenomanian and consists primarily of marly sediments
[21]. This formation underlies the upper Cenomanian Hum-
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mar Formation, which mainly consists of hard to massive
dolomitic limestone and some intercalations of softer, marly
to chalky beds [21].

The Shu’ayb Formation overlies the Hummar Forma-
tion. It contains primarily carbonate sediments, including
chalks (gray/white colored), chalky limestones, and organic-
rich chalky marls (mostly dark gray colored) which were
deposited during the late Cenomanian to the early Turonian
ages [21]. These carbonates are organic matter-rich, exposed
in Ajloun area (Fig. 2) and are the main zones of interest for
this study. The limestone-dominated Turonian Wadi AS Sir
Formation is the uppermost formation of the Ajloun Group
(Fig. 1B).

3 Materials and Experimental Methods

In this study, 16 rock samples of organic-rich carbonates
(i.e., chalky marl, chalky limestone, and limestone) were
collected from the Upper Cretaceous (Cenomanian—Turo-
nian) Shu’ayb Formation that outcrops at the Ajloun area of
northern Jordan (Fig. 2). Before geochemical and petrologi-
cal studies, weathered surfaces of the samples were removed.

Polished sample blocks were investigated under the micro-
scope for the identification of organic facies [22]. In this
case, entire samples were broken into small pieces (about
1-2 mm, pea sized) and implanted into molds employing a
SeriFix resin with cold-mount hardener combination. After
being hardened, the blocks were crushed to expose the sam-
ple surfaces. Then, these were singly polished to smoothen
the surfaces with the aid of silicon carbide paper and alu-
mina powder. Initially, the grade was 1 mm; then, a 0.05-mm
grade was utilized with isopropyl alcohol as the lubricant.
The polished blocks then underwent oil immersion and
were examined under plane-polarized reflected white light
and cross-polarized UV light utilizing a LEICA DM6000M
microscope coupled with fluorescence illuminators.

For the geochemical evaluation, the inorganic car-
bonate content was eliminated from pulverized samples
(<200 mesh) after treatment with 10% HCI solution.
Bulk pyrolysis (Rock—Eval), TOC, and pyrolysis—gas chro-
matogram (Py—GC) analyses were performed on the treated
samples along with bulk kinetic modeling. TOC (weight per-
cent) was determined using a LECO CS244 analyzer.

Bulk pyrolysis was carried out on ten selected powdered
samples using a source rock analyzer (SRA) in accor-
dance with the techniques specified by Espitalie et al. [23]
and Lafargue et al. [24]. From these analyses, the maxi-
mum temperature for So production (Tpax), the amount of
free hydrocarbons prior to pyrolysis (S1) and post-pyrolysis
residual hydrocarbons (S;) were obtained. In addition, the
hydrogen index (HI), production index (PI) and hydrocar-
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Fig. 1 Geographic maps of A the Wadi Ajloun area in northern Jordan, and B the studied area showing the geological exposures of various formations

bon potential (PY) were also determined utilizing the TOC
and bulk pyrolysis data [25-27].

Ten samples were selected for bitumen extraction. Sam-
ples (20-25 g) were Soxhlet-extracted for 72 h, with a
solvent mixture comprising of 93% vol. dichloromethane and
7% vol. methanol. The sample extracts were then reserved
for Py—GC and Rock—Eval assay. As outlined by Larter [28],
Py—-GC was utilized to decipher the chemical composition
of the pyrolysates and associated kerogen properties. The
Py—GC analysis was also used to determine the sulfur-rich
kerogen as detected by its organic sulfur compounds (e.g.,
thiophenes) [29].

This test was performed using a Frontier Lab Pyrolyser,
coupled to an inert quartz tube and an Ultra ALLOY-5 column
(30 m X 0.25 mm) fitted into an Agilent 6890 gas chromatog-
raphy (GC). The analyzed samples were flash pyrolysed at
600 °C. Within the Py—GC furnace, the compounds released

from pyrolysis were separated through column with the
temperature programmed GC oven from 30 to 300 °C (at
4 °C/min rate) and then held 600 °C for 30 min. In addition
to a methane peak, the chromatograms revealed a series of
n-alkene and n-alkane signatures, as well as a few aromatic
signatures in-between.

For modeling of bulk kinetics, five finely ground samples
(20-30 mg) were selected from the 10 extracted samples and
pyrolysed under non-isothermal conditions in the Weather-
ford SRA pyrolyzer at different rates of heating (1, 5, 10, 25
and 50 °C). The bulk petroleum formation curves recorded
for each heating rate were used as input to ascertain kinetic
characteristics [activation energy (Ea) distribution and the
frequency factor (A)] [29, 30]. The activation energy (Ea) dis-
tribution and the frequency factor (A) were calculated using
Kinetics 2000® and KMODTM® software packages [31,
32].
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4 Results and Interpretations
4.1 Organic Petrography

Microscopic examinations were performed to detect the
kerogens in the investigated organic-rich carbonates. The
results exhibit that these samples dominantly comprise car-
bonate minerals, and host liptinite macerals, as depicted in
the microphotographs of Fig. 3. The occurrence of kero-
gen assemblages and their characteristics were evaluated
using UV radiation and plane-polarized reflected white light
(Fig. 3). Liptinite macerals dominated all of the samples.
These macerals appeared brown-dark brown under reflected
white light (Fig. 3a and b). The fluorescence intensities vary
from yellow to greenish-yellow when exposed to UV light
(Fig. 3c—f). UV radiation was primarily used to distinguish
the morphology and structure of liptinite assemblages. In
this case, most of the examined samples showed structured
and unstructured macerals, including alginite, amorphous
organic matter (AOM), and bituminite (Fig. 3a—h). Alginite
occurs in two forms: lamalginite and telalginite (Fig. 3b, e),
both of which are thought to have been formed in a marine
environment.

Researchers indicated an anoxic bottom water environ-
ment for the accumulations of such alginites [3, 22]. We also
observed telalginite and lamalginite assemblages which indi-
cate the presence of tasmanite algae (Fig. 3f). In addition
to the telalginite and lamalginite assemblages, the algi-
nite assemblages were also infused with the mineral matrix
(Fig. 3b, c). These degraded alginites are brown under white
light (Fig. 3b) with a greenish-yellow fluorescence under UV
light (Fig. 3c) and are classified as AOM. The AOM exhibit-
ing fluorescence suggests that these AOMs were derived from
degraded or reworked algal organic matter [33, 34].

Indigenous structureless bitumen was also observed in
few cases (Fig. 3g, h), and inferred as bituminite II follow-
ing Pickel et al. [35]. Under white light, these bituminites
exhibit a reddish brown to light gray color (Fig. 3g) with
a greenish-yellow fluorescence when exposed to UV light
(Fig. 3h). A small portion of vitrinite was also found in some
of the analyzed samples. This maceral is represented by brit-
tle phytoclasts with angular surfaces, varying shapes, and
dark gray color under reflected white light (Fig. 3k).

4.2 Total Organic Carbon Content

TOC content is extensively employed as an indicator of
organic richness as well as hydrocarbon generation capacity
upon maturity [36]. Clay-rich and carbonate-rich sediments
with TOC level greater than 1% are considered to have a good
hydrocarbon source potential [37]. The studied carbonate-
rich samples are organically rich, as revealed by TOC ranging
from 1.00 to 12.39% (Table 1 and Fig. 4a). Eight of the 16

samples have TOC <3 wt% (1.00-2.50 wt%), whereas the
rest of the samples exhibited TOC values between 3.15 and
12.30%. Consequently, the bulk of the examined organic-rich
carbonates in the Upper Cretaceous (Cenomanian—Turonian)
succession are inferred as good to excellent source rocks
(Fig. 4A) for substantial quantities of hydrocarbon genera-
tion at optimum maturation.

4.3 Rock-Eval Pyrolysis Results

Table 1 summarizes the S, S, Tmax, PI, and HI obtained
by Rock Eval pyrolysis of the 10 selected samples. The
hydrocarbon yields from cracking of kerogen (S7) exhibits a
range between 3.87 and 113.13 mg HC/g. We observed S»
>15 mg HC/g rock (17.29-113.13 mg HC/g rock) in almost
half of the examined samples (n = 7) (Table 1). Three sam-
ples had lower S yields (3.87-9.19 mg HC/g rock, Table
1). Based on these results, we infer that the majority of
the carbonate-rich samples have good to excellent hydro-
carbon generating capability (Fig. 4B). In contrast, pyrolysis
findings indicate that the tested samples had minimal free
hydrocarbon yields, given that S values ranged from 0.03 to
1.33 mg HC/g, implying thermal immaturity.

Nevertheless, S, petroleum yields are likewise consistent
with TOC content, resulting in high HI between 314 and
920 mg hydrocarbon/g TOC. The tested specimens may be
classified into two categories based on their HI values: those
having HI between 300 and 600 mg HC/g TOC (samples
Shb-2, Shb-3, Shb-6, Shb-9, Shb-13 and Shb-14, Table 1) and
those with HI>600 mg HC/g TOC (samples Shb-4, Shb-8§,
Shb-11 and Shb-15).

During pyrolysis, the Tpax values of all the examined
samples varied from 410 to 435 °C (Table 1). Only two
samples indicated highest Tmax values in the range of
431-435 °C, while the majority of the samples had Tpax
<430 °C (410-425 °C) (Table 1). The PI values acquired
using Rock—Eval pyrolysis varied from 0.01 to 0.03 and were
obtained in addition to the Tmax data (Table 1). The Rock-E-
val Trax and PI data were employed as geochemical thermal
maturation indicators, which imply that the studied organic-
rich carbonates of the Upper Cretaceous Shu’ayb Formation
in northern Jordan’s Wadi Ajloun are still immature source
rocks.

4.4 Open Pyrolysis—Gas Chromatography

Py—GC provides critical insights about the composition of
kerogens [38, 39]. Additionally, the potential of petroleum
generation and oil quality can also be predicted from GC
analysis of pyrolysate S2 materials [39—42].

Figure 5 presents the Py—GC chromatograms of the
extracted specimens. The chromatograms indicate a high
abundance of the aliphatic compounds (rn-alkene, n-alkane)

@ Springer
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Fig.3 Photomicrographs of the investigated organic-rich carbonates of
the Upper Cretaceous Shu’ayb Formation, under reflected light, and
fluorescence under UV, with a field width of 0.2 mm. a liptinites exhibit-
ing brown to dark brown colors; b, ¢ AOM appearing brown, with
greenish-yellow fluorescence; d-f alginite exhibiting yellow-greenish

along with lower aromatic content. The distributions of the
n-alkene and n-alkane are unimodal, with carbon numbers
spanning from Cs to beyond C3p. The bulk of the sam-
ples have substantial concentrations of n-alkene and n-alkane
molecules in the low and high molecular carbon fractions.
Toluene, xylene, and benzene alkylbenzenes are the most
common aromatic hydrocarbon compounds. In addition to
the aliphatic and aromatic hydrocarbons, the pyrolysates
include a significant amount of sulfur-derived organic com-
pounds (Fig. 5).

Based on the particular pyrolysate distributions of n-
octane (Cg) and xylene (xy), we generated several ratios to
decipher the kerogen types and their hydrocarbon generation
potential [42, 43]. For example, oil-sourcing intervals exhibit
Cg/xy ratio>1 and it is less than 1 in the gas-prone sources.

M),

G e 5 Liptinite (AOM)

100 pm

Alginite

l_

100 pm 100 um

fluorescence, displaying lamalginite, telalginite, and Tasmanite forms;
g, h light gray-colored bituminite with greenish-yellow fluorescence;
and i vitrinite maceral with angular shapes and dark gray color under
reflected white light

The kerogen type, on the other hand, is defined by the propor-
tion of xylene to n-octane given by the xy/Cg index [40]. This
index is divided into three categories, depending on their val-
ues. The Type I and Type II kerogens exhibit xy/Cg usually
lower than 0.4, while in combined II/III kerogens, it ranges
from 0.4 to 1.3. In the type III kerogens xy/C8 has been found
to be greater than 1.3 [40].

The examined organic-rich carbonates of the Upper Creta-
ceous (Cenomanian—Turonian) succession yield xy/Cg val-
ues of lower than 0.4 (0.13-0.39) (Table 1), indicating the
dominance of type I and type II kerogens. Most of the sam-
ples investigated have a Cg/xy ratio of 2.58 to 7.92 (Table 1),
suggesting that these carbonate-rich sediments might gen-
erate considerable quantities of oil upon reaching thermal
maturity.
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Fig.4 Histograms of A the TOC (wt%) distributions in the analyzed

samples, and B the petroleum potential yield via programmed pyrolysis,

showing good-to-excellent source characteristics of the analyzed Shu’ayb carbonates

4.5 Bulk Kinetics Modeling Results

Table 2 summarizes the bulk kinetics results obtained from
the selected samples of the Late Cretaceous Shu’ayb For-
mation and the results are presented in Fig. 6. According
to the kinetic models, activation energy (Ea) distributions
are broad, ranging between 37 and 66 kcal/mol, while the

frequency factor (A) varies between 1.3274E + 13/sec and
8.2311E + 13/sec.

As the kerogen composition influences the bulk kinet-
ics of petroleum generation, it is expected that the thermal
stabilities and transformational behavior of each composi-
tional group found in kerogens impact the distributions of
‘Ea’ and ‘A’ [44, 45]. The broad distribution observed in Ea
values is indicative of a mixture of organic matter [6]. This
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Table 2 Activation energy distributions (kcal/mol) for five selected organic-rich carbonate rocks within the Upper Cretaceous Shu’ayb Formation

from outcrops area in Ajloun area, northern Jordan

Samples/AE (kcal/mol) 37 38 39 40 41 42 43 44 45 46 47 48 49 50
Shb-3 - - 037 - 024 011 045 - 0.82 0.14 3.56 623 1096  18.26
Shb-4 - 008 004 003 018 009 - - - - 4.27 732 13.67 2641
Shb-8 - - - 007 008 013 016 019 031 - 0.38 0.34 2.45 6.49
Shb-14 0.12 - 0.18 004 019 034 013 016 141 529 943 1648 2416 15.86
Shb-15 - - - - - 086 — 058 061 074 125 2.15 2.98 5.72
51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66
23.39 16.14 10.54 3.71 2.18 1.63 0.57 - 0.16 0.55 - - - - - -
20.52 13.67 7.12 2.38 1.63 1.07 - 0.81 0.40 - - 0.28 - - - -
12.32 17.82 22.34 13.95 9.36 4.93 241 2.74 0.13 1.9 0.15 - 1.33 - - -
12.28 6.53 2.67 1.87 1.02 0.66 0.17 - 0.66 - - - - - - -
8.05 13.91 19.43 18.42 10.19 5.92 3.59 1.21 1.69 0.64 0.29 0.97 - - - 0.79

finding correlates with the petrographic results previously
obtained, i.e., the organic facies are supported by a combina-
tion of sapropelite, marine-derived organic matter (alginite
and AOM), and small amount of vitrinite derived from land
plants (Fig. 3).

In addition, oil-sourcing kerogen types also alter the
‘Ea’ and ‘A’ values. For instance, known Type II-source
rocks such as Niobrara, Woodford, Kimmeridge, Mowry, and
Madbi shales exhibit a narrow range of Ea between 47 and

56 kcal/mol [46—49]. However, oil-prone source rocks with
sulfur-rich kerogen (Type II-S) display a wide range of acti-
vation energies varying from 44 to 66 kcal/mol [50, 51].

Based on the kinetic models, our investigated samples
exhibit 37<Ea<66 kcal/mol, which are compatible with
Type II-S kerogen (Table 2).

Kinetic models also predict geological temperatures and
the corresponding vitrinite reflectance (%Ro) values [6, 52,
53]. We assumed the geological heating to be consistent at a

2,3 dimethylthiopene

viene

2, 3 dimethylthiopene

n-Cy

2,3 dimethylthiopene

n-Cy

2,3 dimethylthiopene

2.3 dimethylthiopene
7C.
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Fig.5 Py—-GC chromatograms of six selected specimens demonstrating the distribution of r-alkenes

dimethylthiophenem toluene, benzene and xylene
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Fig. 7 Kinetic results in terms of computed temperature (°C), TR (TR %) and vitrinite reflectance (VRo) for five specimens exhibiting 104-146 °C
temperature, corresponding to computed 0.58-0.91%VRo. Heating rate was assumed constant at 3.3 °C/My

3.3 °C/My rate for kinetic models. The results are presented
in Fig. 7, which include calculated transformation ratio (TR)
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and VRo. Table 3 shows the bulk kinetic results obtained
from this experiment, as well as the expected geological



Arabian Journal for Science and Engineering (2023) 48:695-710 705

2] ~ v o < . .
2 § 1SS 2 2% temperatures at the beginning and peak of petroleum gen-
< 2 L QL . . . . .
= .8 é g2 & eration. The beginning of the petroleum generation window
2 E =1 o o o 2E i (% TR) occurs at 104-116 °C, which corresponds to a calcu-
g g Al e ¥ ale g é’ lated %VRo range of 0.58-0.66, according to the observed
Z : Q Z g 3 kinetic models. Type II-S kerogen is reported to exhibit such
< = = .
= 5 g ) é lower petroleum generation temperature than Types I and 11
g § Zlo v e - - z =2 s kerogen. The geological temperatures of highest oil genera-
~ = < » . . .
§° = 1235823 %0 Ry tion from the analyzed samples are predicted in the range of
< 5 _ : ; < 126-146 °C, with corresponding VRo of 0.73-0.91% (Table
- s 2.2 < 3). The calculated transformation ratios are plotted against
g3 e $28 ) . .
;:3 = E g the peak generation temperatures (Fig. 11), which shows that
8 g 2 < é the examined samples have a TR of 29—-40% between 126 and
Q .
= g S|=E=2==2= f .§ g 146 °C. Therefore, at a geological temperature greater than
§ £ ~ g, E 8 146 °C, most of the Type II-S kerogens of the Upper Cre-
38 A €58 taceous organic-rich carbonates are expected to have been
= SV . .. . .
é g % = e converted into significant amounts of sulfur-rich oil.
= 5] > o
5 0 @ O A 9V v ooy T
S K sle e e vewnT3g
g0 |2 |0 S S S o SETK
S > @ S T
S < | (IRSS
cele |~ S a7
AN e . .
221813 456 5 Discussion
5a3l2|g S S< 4
=8|E |3 A 29
4 N . . . .
E g g ; - o o w @ < é g Here, we discuss the geochemical and organic petrological
S @ . . . .
g El8|legaFg ; é 8.8 properties and the bulk kinetics results of the organic matter-
= O — -~ . £l
EEl8| 2 g®E enriched carbonates from the Late Cretaceous Shu’ayb
5 S g EELE Formation in the Ajloun area in northern Jordan. These prop-
< g = T . . . . . .
% == g E 233 erties are also discussed in order to get insight into their
= < .= 2 g . .
Sg g8 87 S& impact on the kind of petroleum that could be formed dur-
s 2 g 2’ R - 5273 ing thermal maturity and to predict the maximum geological
N glolo| = ==== é gé 2 temperatures for petroleum generation. Organic richness and
= S . . . .
o = o o 0 o ol 25 g & composition are the primary determinants of the quantity and
g 2 2 2228 P =i : :
5 _’: § S @ Fsa §§ é %’ klng of petrloleun} g%ene;lated in soufrc;:1 rocks1 [54;56].b
2 5| = + o+ + + +| . s ur analyses infer that most of the analyzed carbonate
° 2 Zx S8 . . .
3 é g 5 E ?jr g g 2e- = sediments are organically rich and have good to excellent
3 g 2“’ S 38 XGES % 2 potential to generate petroleum based on the TOC measure-
o — — s = . . .
g - T ;: ° g% ments (with highest value reaching 12.30 wt%). A TOC-PY
o = . . .
':% ] LI easg ? 3 E 2 cross-plot indicates that most of the carbonate-rich samples
—_ = | | | | I~ o . . . .
3 3 5 22 H e studied had good-to-excellent generative potential (Fig. 8),
= % g S é with PY values as high as 114.46 mg HC/g rock.
<& ;O ~ 352 Another crucial element in anticipating petroleum genera-
7= | SS&ae . .. o . . .
g ui g qoo oo E 2 %D § tion types is identifying the organofacies (or kerogen typing).
& = | F <+ <~ §D T HE The organofacies characteristics and kerogen compositions
IGRY o~ £ g g 85 in the examined organic-rich carbonate samples were prin-
=} < [ == . . ..
S E 2y 2 &8 cipally established by combining the kerogen assemblages
Q 4 ] . . . . . .
£ E T a2 g glT g §D§ from microscope investigations with integrated bulk Rock-
L = > 17}
38 @ B8 n o §§ < & —Eval and Py—GC pyrolysis data. The Rock—Eval pyrolysis
[Smc] [O=] . . .
SR -5 S results (i.e., the HI) for the studied samples were typically
23| £ 2~ ’
%‘) § = é & éi S comparable to those of the organofacies types, indicating that
>3 9 IR a&ey g S the vast majority of the examined samples had hydrogen-rich
= — — = . Cle -
% = |F T = EE % S Types I and II kerogen and lie within immature zones. In
g8 A 52 K < Fig. 9a, this is illustrated by a HI vs. Tpax cross-plot. This
<3 |Z F<KE ; -
w2 |5 TR - Iy is also supported by the Langford and Blanc-Valleron [57]
2 E £ D S Y 8 % -§ g diagram (i.e., cross-plot between Rock—Eval S, and TOC)
RS o B v BlREESD (Fig. 9b).

@ Springer



706

Arabian Journal for Science and Engineering (2023) 48:695-710

Fig.8 A cross-plot between 1000
TOC and PY exhibiting very Poor = 2 E Excellent
good—excellent generative z < 8 :
capability 2 5
=Y
5 >
g 100 | AA
£ AN
3 A
+
2 A Very good
E 10 ‘
>
= ﬁ‘ Good
g
2 Fair
E
T:_ Poor
o
v
0.1
0.1 1 10 100

1000

“‘

120

>

z

e
-]
£

=
=
=]

900
110

800 A

90

80

600 70

Hydrogen Index (HI; mg HC/ g TOC)
g e

- A 60
2

A A & 50
]
z

400 Type Il ; %0
Z
S

300 AA E 30
S

20

Petroleum potential Yield ( S;; mg HC/ g rock)

10

Type 11

390 400 410 420 430 440 450 460 470 480 490 500 510 520 530 540 S50

Rock-Eval T, (°C)

Total organic carbon (TOC; wt. %) content

Kerogen Type III

Hl= 1000 mg HC/g TOC
HI= 600 mg HC/g TOC
Hl= 300 mg HC/g TOC

2 4 6 8 10 12 14
Total organic carbon (TOC; wt. %) content

Fig.9 Kerogen characteristics of the investigated carbonates utilizing A a cross-plot between Rock—Eval HI and Tpax, and B TOC vs. Rock—Eval

S», showing primarily Types II and II kerogens

The dominance of alginite assemblages (i.e., telalgi-
nite, lamalginite, and tasmanite; Fig. 3d—f), and degraded
alginites (i.e., AOM fluorescence; Fig. 3c) as well as bitu-
minite and vitrinite phytoclasts (Fig. 3g—k) demonstrate that
analyzed samples have a mixture in organic facies [3]. These
assemblages imply an anoxic, restricted marine depositional
condition [22]. The investigated samples are strongly oil-
prone, as shown by the maceral composition and HI- TOC
cross-plot (Fig. 10). The significant fraction of fluorescent

@ Springer

liptinites under UV light (Fig. 3b-h) confirms the strong oil-
generative potential.

Py—GC data may be used to determine kerogen composi-
tion and petroleum-generating facies based on distributions
of n-alkene and n-alkane along with a small abundance of
light aromatic hydrocarbons, which implies that the exam-
ined carbonate-rich sediments consist of oil-prone kerogen
[6, 53]. The same is also supported by the n-octane and
xylene distributions and their ratios (Fig. 5 and Table 2).
This indicates that Type I and II kerogens are the most abun-
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dant organic matters in these sediments, which are capable of
producing a substantial volume of oil at appropriate maturity
ranges. This type of strong demonstration of kerogen types
and petroleum types can be seen in the ternary plots modi-
fied by Eglinton et al. [58] and Horsfield et al. [38], where
authors utilized the comparative proportions of pyrolizate
components, the amount of C¢—C14, and the C; 5 hydrocar-
bons of the n-alkenes and n-alkanes. Results are shown in

100

100 90 80 70 60 50 40 30 20 10
n-C; to n-Cs l P-N-Aa'lhi@m| | Paraffinic oil high wax l

n-Cs.

contained in organic-rich carbonates of the Shu’ayb Formation based
on the C;—Cs, the sum total of the C¢—C4, and C,5; distributions of
the n-alkene and n-alkane exhibiting primarily paraffin oil consisting
of little wax

Fig. 11A implying the majority of Type II kerogens within
the studied specimens to be Type II-S (i.e., rich in sulfur).
Therefore, paraffinic oils with minimal wax concentration
may have been produced (Fig. 11B).

The wide activation energy ranges of the investigated sam-
ples (44—64 kcal/mol; Fig. 6 and Table 2) further corroborate
with the existence of Type II-S kerogen (produced from
diverse organic matter assemblages). Type II-S kerogen, on

@ Springer
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the other hand, may produce oil sooner compared to other
oil-sourcing kerogens (Types I/II), correlating to the initial
phases of oil-generative window [46].

A VRo range of 0.4-0.8% with 75-135 °C temperature
and a heating rate of 3.3 °C/My have been considered for
early-oil-generative window. This is supported by the bulk
kinetic models of the samples studied. Most of the studied
samples attained the beginning (%TR) of bulk petroleum
production over relatively low temperatures in the range
of 104-116 °C, with corresponding VRo of 0.58-0.66%,
according to the kinetic models (Table 3). Peak oil generation
is predicted at geological temperatures of 126—146 °C, corre-
sponding to computed VRo of 0.73-0.91% and TR ranging
between 29 and 40% (Table 3). Early-mature sulfur-rich oils
are expected to have been produced within these low geologi-
cal temperature ranges, and significant amounts of mature oil
will be produced at geological temperatures above 146 °C.
These findings are confirmed by the presence of the floating
asphalts on the surface of the Dead Sea, as anticipated from
early- and heavy-oil generation from Type II-S kerogen [59].

6 Conclusions

The present paper reports the results of integrated geochemi-
cal and bulk kinetic investigations of the organic matter-rich
carbonate succession within the Upper Cretaceous (Ceno-
manian—Turonian) Shu’ayb Formation in the Ajloun area of
northern Jordan. We concluded the followings:

e The investigated organic matter-rich carbonate sediments
in the Shu’ayb Formation exhibit a TOC range of
1.00-12.39 wt%. These primarily comprises Type I and
II kerogens (HI = 314-920 HC/g TOC) with high oil-
generative potential.

e Py—GC data exhibits high aliphatic compounds, indicating
hydrogen-rich kerogens. It also confirms that the examined
carbonate-rich sediments are rich in organic sulfur (Type
II-S), which may produce high-sulfur oil during the initial
phases of the maturity window.

e Kinetic models exhibit a broad activation energy range
between 37 and 66 kcal/mol, suggesting Type II-S kerogen
types derived from a mixture of organic matter.

e The predicted geological temperatures for the com-
mencement of petroleum generation provide a range of
104 °C-116°C, which implies that these Type II-S organic
facies can start sulfur-rich oil production during the early
phases of kerogen cracking.

e The bulk kinetic models reveal that a TR of 29-40% for
the Type II-S organic facies occurs at higher temperatures
of the petroleum formation over a range of 126-146 °C.
Therefore, at geological temperatures exceeding 146 °C,

@ Springer

these organic-rich carbonate deposits are anticipated to
represent potential oil source rocks.
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