/
o Reennes
0.00 Publishing

Open Journal of Geology, 2016, 6, 1209-1220
http://www.scirp.org/journal/ojg

ISSN Online: 2161-7589

ISSN Print: 2161-7570

Geochemistry and Organic Petrography of
Jordanian Sultani Oil Shale

Hani Alnawafleh?’, Khalid Tarawnehz?, George Siavalas34, Kimon Christanis3, Andreas Iordanidis®

'Department of Mining and Mineral Engineering, Al-Hussein Bin Talal University, Ma’an, Jordan
“Department of Civil Engineering, Isra University, Amman, Jordan

*Department of Geology, University of Patras, Patras, Greece
“Shell Global Solutions International B.V, Hague, The Netherlands
*Department of Geotechnology and Environmental Engineering, Technological Educational Institute (TEI) of Western Macedonia, Kila,

Kozani, Greece

Email: *Hanialnawafleh@ahu.edu.jo

How to cite this paper: Alnawafleh, H.,
Tarawneh, K., Siavalas, G., Christanis, K.
and Iordanidis, A. (2016) Geochemistry and
Organic Petrography of Jordanian Sultani
Oil Shale. Open Journal of Geology, 6, 1209-
1220.
http://dx.doi.org/10.4236/0jg.2016.610089

Received: September 7, 2016
Accepted: September 27, 2016
Published: September 30, 2016

Copyright © 2016 by authors and

Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

Abstract

The Sultani oil shale (OS) deposit is considered as a major fossil fuel source in Jor-
dan. Applying various petrographic and geochemical techniques, this paper aims to
study the Sultani OS geochemical and organic petrographic features. Results show
that Sultani OS is a bituminous limestone consisting of very fine-grained matrix with
rippled micro-laminated texture and muddy material of cryptocrystalline micrite.
The rock is rich in Cretaceous microfossil shells filled in organic matter (OM). The
filling OM is bitumen of the migrabitumen type. The OM content reaches up to 17
wt.% with high oil-yielding capacity (up to 12 wt.%). High TOC values suggest that
the Sultani OS has a very good source rock potential. Organic petrography shows low
OM maturity level and reveals two varieties of vitrinite, namely primary and oxidized
vitrinite. The latter is derived from terrestrial plant tissues. Additionally, liptinite
macerals including alginite and to a lesser extent cutinite, also participate. Various
diagenetic features such as pyrite replacement and bitumen thermal alteration have
been recorded. Results suggest that Sultani OS is a marinite formed under marine
conditions with limited contribution of terrestrial OM input.
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1. Introduction

Oil shale (OS) is an organic-rich, fine-clastic sedimentary rock containing significant

amounts of kerogen, which expels oil upon heating [1]. Oil shale contains more than
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5% of organic matter (OM). The diverse composition of OM in oil shales indicates a
wide range of sedimentary depositional environments [2]. The OM in OS is composed
of bitumen and kerogen [3]. Bitumen fraction is soluble in most organic solvents and
depends on the thermal maturity and the kerogen to bitumen transformation ratio.
However, kerogen composes the bulk of the OM in OS [1]. Economic OS must have a
significant proportion of organic matter [4]. Analysis of OM in organic-rich sedimen-
tary rocks provides significant information for the reconstruction of depositional pa-
leoenvironments [5].

The microscopically recognizable individual OM constituents of OS and other sedi-
mentary rocks are called macerals. The macerals are classified into three major groups:
vitrinite, inertinite, and liptinite [6]. Macerals in OS are distinguished by their optical
characteristics, namely their reflectance and fluorescence [4]. The thermal maturity of
OM is commonly expressed in terms of vitrinite reflectance. Reflectance is a property
related to the aromaticity of the organic components [5]; as thermal evolution causes
changes in the chemical composition of vitrinite and solid bitumen results in the in-
crease of their reflectance values [7], [8]. Vitrinite reflectance has been widely used to
assess the thermal maturity in organic-rich rocks.

Jordan has limited resources of oil and natural gas. However, there are nearly 26
commercial oil shale (OS) deposits found in Jordan [9]. More than 50 Gt of OS are re-
ported in the middle and southern parts of the country with unknown reserves in the
north [10]. The Sultani OS deposit is one of the most important central Jordan OS de-
posits (Figure 1) covering an area of 24 km? with geological reserves exceeding 1130 Mt
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Figure 1. Location of Sultani oil shale deposit.
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[11]. The OS in Sultani area is found at shallow depths and in the form of horizontal
beds, where 90% or more is favorable for opencast mining techniques [12], [13]. Oil
shale thickness is about 32 m while the overburden reaches up to 70 m. Based on ana-
lyses from 60 boreholes, the average oil yield reported by the Natural Resources Au-
thority (NRA) is 7.5 wt.% [11].

Previous work on Sultani OS gave more attention to the deposit evaluation and min-
ing related issues. An important evaluation of Sultani OS is the study carried out by
Hufnagel [14]. Still many aspects of Sultani OS characterization require more detailed
investigation. This paper presents a geochemical and petrographic study of the Sultani
OS. The micro-textures, composition, and organic matter (OM) sources are studied
aiming to shed light on the genesis of OS at this location. The findings of this study will
be of valuable importance in any future OS evaluation studies on both local and region-

al scales, and for research on similar material in the region.

2. Geologic Setting

The Jordanian OS is a kerogen-rich, bituminous calcareous rock of the Muwaqqar
Chalk Marl Formation (MCM), formed within marine environment of Late Cretaceous
(Maastrichtian) to early Tertiary age [15]-[17]. Based on report by Andrews [18], the
MCM shows some important differences in lithology from one location to another. The
Jordanian OS forming part of the South Tethyan oil shale-phosphorite giant belt, ex-
tends from Morocco to Syria [19]. A thick sequence of calcareous rocks was deposited
over the northern and central parts of Jordan. The sedimentation of this sequence was
controlled by the configuration of the Neo-Tethys Ocean and its subsequent closure,
sea level fluctuation, and tectonic activities prevailed at that time interval [20]-[24].

At shallow depths the OS deposits in central Jordan are underlain by phosphatic li-
mestone and chert of the phosphorite unit [11], [23]. The overburden is composed of
chalk and marl beds covered by unconsolidated gravel and silt (Figure 2). The Sultani
OS was deposited in synclinal basins [25] bounded by faults [14]. Overall, the OS
thickness increases northwards toward the Yarmouk deposit in the north of Jordan
where it reaches more than 280 m in thickness [16], [23].

Abed et al [25] and Dill et al [17] reported that central Jordan OS was formed on
the southern epicontinental shelf of the Tethys Ocean where upwelling currents en-
hanced bioproductivity and increased sedimentation rates. Bottom water conditions
prevailed during the OS formation is the major factor that controlled OM preservation.
Conditions were changed from oxic during phosphate formation to sub-oxic to anoxic
during OS formation [16], [23].

3. Material and Methods

One oil shale sample was collected from OS exposure at the Sultani open pit excavated
by the Natural Resources Authority (NRA) of Jordan (Figure 3). The exposed OS sur-
face is buff-creamy and whitish in colour due to weathering processes. The weathered

surface of OS was firstly cleaned using hammer and chisel, and then one fresh OS sample
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Figure 2. Simplified litho-stratigraphic column (not to scale) of upper cretaceous
rock formations in Sultani.

Figure 3. Oil shale exposure at Sultani open pit. Star refers to sample location.

was obtained. Thin chips of OS sample were cut for the purpose of thin section and po-
lished blocks preparation. The rest of the sample was crushed using jaw crusher. The
crushed part then was finely ground using a ball mill to less than 75 microns.

One polished OS thin section was prepared to study the internal texture and features
via the polarizing microscope. Photomicrographs of OS in the polished thin section
were taken using a Canon Power Shot S70 digital camera. Sultani OS mineralogical
composition was examined using the XRD PHILIPS (XPERT MPD) X-ray power dif-
fraction set. The total organic carbon (TOC) content was indirectly determined using
carbon determinator (thermal conductivity detector). The OS sample was analysed for
its chemical content by ICP-MS. The quality of Sultani OS was obtained from the Fish-

er assay analysis that was performed using the Fisher assay equipment at the NRA.
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Organic-petrology analysis focused on maceral determination and vitrinite reflec-
tance measurement. Macerals were defined based on the nomenclature applied by the
International Committee for Coal Geology (ICCP, 6), Hutton [26], and Taylor et al [4].
Two polished blocks, one from the whole rock and one from the light fraction (sg < 1.6
g/cm’®) of Sultani OS were prepared in order to study its organic petrography features.
Both blocks were examined under a Leica DMRX coal petrography microscope. The
whole-rock polished block was chosen for reflectance measurements. Photomicro-
graphs were taken under white incident light and blue light excitation in oil immersion

on a perpendicular to bedding polished block of the whole rock and the light fraction as
well.

4. Results and Discussion

4.1. Major Components and Mineralogy

The XRD results are shown in Figure 4. The major mineral fraction in Sultani OS is
carbonate, mainly calcite. Calcite is the major mineral in all Jordanian OS deposits [27].
This domination of calcite indicates that Sultani OS is a calcareous organic-rich sedi-
mentary rock and not true shale. Minor content of quartz and traces of phosphate and
clay are also present in the Sultani OS.

The chemical composition of Sultani OS sample is given in Table 1. The major oxide
component is CaO which is mainly attributed to calcite and minor amounts presuma-

bly associated with apatite and gypsum. Other major oxides show different values.
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Figure 4. X-ray diffractogram from Sultani OS.

Table 1. Whole-rock analysis of major and selected trace elements of the Sultani OS sample.

CaO Al,Os Fe0Os MgO P20s SOs TiO:
Major Oxide (wt.%)

22.2 2.8 1.3 2.0 4.1 59 0.1
Cr Cu Mn Ni Sr v Zn
Trace Element (ppm)
289 60 45 111 641 248 519
K2
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ALOs; is a main component in clay minerals. High P,Os is evident of the presence of
phosphate minerals in Sultani OS and indicates high levels of OM production. SO; is
associated with OM, sulfides, and gypsum. High sulfur content is indicative of high
primary productivity. High OM productivity is also suggested based on the enrichment

in most trace elements.

4.2. Detail of Internal Texture

Sultani OS is bituminous calcareous marl and consists of organic matter (OM) and very
fine-grained matrix (Figure 5). The matrix strongly shows rippled micro-laminated
texture and consists mainly of muddy material of cryptocrystalline micrite. Cretaceous
microfossils (mostly forams) are abundant, and brown organic matter fills pore spaces.
Quartz crystals are distributed in the groundmass. They may be syn- or post-deposi-
tional [25]. Iron oxides found as anhedral crystals of black spots. Micro-fissures are

sparse, empty and show druzy texture as white calcite grew around the cavities.

4.3. Organic Matter Content and Qil Shale Quality

The OM content is inferred from the results of total organic carbon (TOC) content.
TOC in Sultani OS is about 13.5 wt.%, which is equivalent to 17% OM [28]. Quite high
TOC indicates that Sultani OS has very good source rock generative potential [29].
TOC-rich sedimentary rocks are commonly related to: anoxia [30], enhanced OM pre-
servation [31], and high surface water productivity [32]. The TOC value can be reduced
by oxidation of OM during outcrop weathering [29].

The Fisher assay analysis (Figure 6) confirms that Sultani OS is of good quality as the

Figure 5. Transmitted white light photomicrograph of Sultani OS taken
under plane polarized light (PPL) and 4x magnification.

83.88

O Total Water %
O Total Qil %
B Spent Shale %

B Gas Loss %

11.58 22 234

Figure 6. The results of fisher assay analysis.
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oil content is about 12 wt.%. The shale oil yield depends on the nature and abundance

of kerogen in OS, as well as on OS thermal maturity [2].

4.4. Organic Petrography

Organic petrography analysis of the Sultani OS revealed that bituminite is the main ke-
rogen maceral with alginite, primarily composed of dinoflagellate cysts and acritarchs,
being second. Prasinophytae alginite (tasmanites and leiosphaeridia) is very rare in this
sample. There is also limited contribution from terrestrial organic matter found in the
form of vitrodetrinite (vitrinite fragments—Figure 7) and fusinite (burned/oxidised
plant remains—Figure 8). Mean random vitrinite reflectance (Rroy) is 0.85%; however,
all of the measured vitrinite grains bear evidence of oxidation suggesting that they have
been subjected to more than one sedimentation cycles. Therefore, vitrinite reflectance is
not a very reliable parameter to assess the thermal maturity of this OS. Various zooc-
lasts, calcareous at the most part, are also present (Figure 9). Multi-chambered forami-
nifera test linings are the main type with large-sized elongated zooclasts, presumably
derived from fish remains being also common.

Two types of solid bitumens (migrabitumens) were also observed (Figure 10). The
first type is low reflecting (Rroi < 0.10%) and in most of the cases, appears to fill the
cavities of foraminifera shells (Figure 9 and Figure 11). This bitumen type also displays
yellow fluorescence, similar to this of alginite; according to bitumen classification [33]
it is called wurtzilite (Figure 11). This bitumen was probably expelled from the kerogen

(both bituminite and alginite) and consequently, filled the foraminifera chambers. The
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N 2 &
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Figure 7. Vitrinite particle (vitr) in bituminite (bit) and mineral matter matrix un-
der (a) white reflected light, (b) fluorescence mode.
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Figure 8. Fusinite (Fus) under (a) white reflecting light, (b) fluorescence mode.
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40 um

Figure 9. (a) Bituminite (Bit) is the major maceral in the Sultani OS followed by alginite (primarily dinoflagel-
late cysts (DC) and rarely leiosphaeridia (Pr)). Fish remains (FR) are also common; (b) Foraminifera test lin-
ings (FTL) are the most common form of calcareous zooclasts in this OS. They are often filled with wurtzilite
(Mbit-low-reflecting, fluorescing solid bitumen). Both photomicrographs taken in fluorescence mode.

Mbit
A
Rr,,=0.40%

v :
Shells

Figure 10. Types of migrabitumens, albertite (center) and wurtzilite (upper right), along with al-
ginite under (a) white reflected light, (b) fluorescence mode.

Figure 11. Wurtzilite (migrabitumen) filling the cavities of foraminifera under (a) white reflected
light, (b) fluorescence mode.

second solid bitumen type is more reflective (Rroy = 0.45%) and displays weak or no
fluorescence. According to the same classification this bitumen is called albertite
(Figure 12). This bitumen is usually associated with bituminite and its reflectance can
be used as an alternative to vitrinite reflectance for thermal maturity assessment. This

can be calculated after the following formula [33], which expresses the stochastic rela-
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tionship between vitrinite and bitumen reflectance in the same sample:

R, =0.618,, +0.40

where Ry is the vitrinite reflectance and RB s the bitumen reflectance. Applying Jacob’s
formula the equivalent vitrinite reflectance of 0.68% points to a thermal maturity at the
early oil window, which is consistent with both the formation of solid bitumen and the
fluorescence color and intensity of the alginite in this sample.

Both bitumen types are locally replaced by pyrite (Figure 13). Thermal alteration
taking place at a limited extent resulted in the alteration of the bitumens’ optical
attributes (higher reflectance, cracks development, anisotropy).

Kerogen composition of this Sultani OS sample suggests a shallow marine deposi-
tional environment (shelf) with very limited fluvial input and rather dysoxic to anoxic
conditions during deposition. The shelf was probably (at least partially) open basin-
wards allowing the exchange of green algae grown at greater water depths.

Previously published results indicate that Sultani OS is of low OM maturity level.
Alnawafleh [23] reported that OS in central Jordan was deposited in a marine envi-
ronment with contribution from terrestrial sources. According to the classification of
Hutton [34], Sultani OS type is marinite. Marine OS is composed of lipid-rich OM de-

rived from marine algae, acritarchs, and marine dinoflagellates [9]. The OM components

50 jum . : 50 um

Figure 12. Albertite (migrabitumen) in bituminite matrix under (a) white reflected light, (b) flu-
orescence mode.

50 un
Figure 13. Development of pyrite in wurtzilite (Mbit) under (a) white reflected light, (b) fluores-
cence mode.
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in marinites are primarily lamalginite (maceral that describes dinoflagellate cysts and
acritarchs) and bituminite derived chiefly from the degradation of this marine phytop-
lankton. Marinite may also contain small amounts of bitumen, telalginite, and vitrinite.
Vitrinite is rare in OS and derived from humic matter of land plants and has moderate
to high reflectance due to being redeposited from its primary location. Bituminite is an
important component of marine OS. The origin of bituminite is likely to be of degraded
algal or bacterial remains [9]. The source of OM in the Sultani OS is predominantly
marine algae (oil-prone OM) with minor contribution from terrestrial OM sources
[23].

5. Conclusion

Sultani OS is a calcareous organic-rich sedimentary rock and not true shale, consisting
of very fine-grained matrix; it shows rippled micro-laminated texture and muddy ma-
terial of cryptocrystalline micrite. The rock is rich in Cretaceous microfossils filled with
OM. The filling OM is bitumen of the migrabitumen type. The geochemistry of major
oxides and trace elements suggests high levels of OM production. The OM content
reaches up to 17 wt.% with high oil-yielding capacity (up to 12 wt.%). High TOC values
of Sultani OS suggest that this is an excellent source rock. Vitrnite reflectance (mean
Rroi = 0.85%) is not a reliable parameter to assess the true thermal maturity of this OS
sample; however solid bitumen reflectance suggests a thermal maturity in the early oil
window. The main kerogen maceral is bituminite with alginite being second. There is
also limited contribution from terrestrial OM found in the form of vitrodetrinite and
fusinite. Two types of solid bitumens (migrabitumens) were observed. They are wurtzi-
lite and albertite. Both bitumen types are locally replaced by pyrite. Results suggest that
the Sultani OS is a marinite OS formed under marine conditions with limited contribu-

tion from terrestrial OM input.
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