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Late Cretaceous oil shales, located in the Yarmouk sub-basin (North Jordan), were analysed using techniques of
organic and inorganic geochemistry, coupled with a microfossil study. Results of this study were used to recon-
struct the paleoenvironmental and paleoclimatic conditions during the Late Cretaceous and to investigate their
influence on organic matter enrichment of the oil shale deposits. The analysed oil shales have high TOC and Sotal
content values in the ranges of 2.11-12.85 wt.% and 1.83-8.81 wt.%, respectively. The high S content and its
relation with TOC values indicate that the sulfur is associated with organic matter and that the oil shales were
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Late cretaceous deposited in a marine environment under reducing conditions. This is shown by petrographic observation and
0il shale supported by biomarker distributions. The microscopic investigation indicated that the oil shales contain abun-

dant liptinitic materials (i.e. alginite and amorphous organic matter) and planktonic foraminifera. The presence
of these sapropelic materials and planktonic foraminifera assemblages further suggests a marine origin. Biomark-
er distributions are also known to reflect dominantly marine plankton/algal and microorganisms source input.
Water column stratification and low oxygen (reducing) conditions are indicated by narrow Pr/Ph values, relative-
ly high V/Ni elemental ratios and the presence of gammacerane. Reducing conditions contribute to preservation
of organic matter. Warm-water periods during the Late Cretaceous are also indicated by dominant occurrences of
warm water index microfossil taxa. The warm climate combined with elevated phosphorus (P) are the major
causes of excessive algae growth, and led to enhanced biological productivity within the photic zone of the
water column during deposition of the oil shale deposits. This increased bio-productivity in combination with
good preservation of organic matter are the main mechanisms of organic matter enrichment within the Late Cre-
taceous oil shales in the north Jordan.
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1. Introduction paleoenvironments, and these studies showed that their deposition oc-

curred in a marine environment (Hussein et al., 2014; Alqudah et al.,

Oil shale deposits are widespread in Jordan, and oil shale resources
exceed 65 billion tons (Alali, 2006). About 97% of current energy
needs can be provided by oil shales, which underlines the importance
of finding alternative energy resources (Aqleh et al., 2013). Most
Jordanian oil shales are located in the four main sub-basins in the
North and Central parts of Jordan (Fig. 1), and have been assigned to
the Late Cretaceous and Eocene (Hussein et al., 2014; Alqudah et al.,
2014a,b; Hussein et al., 2015). The Jordanian oil shales have been
analysed previously in order to reconstruct the depositional
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2014b). Most of the methods used are inorganic geochemical character-
istics (Agleh et al., 2013) and trace fossils, which include ichnogenera
fossils (Hussein et al., 2014), calcareous nannofossil taxa and foraminif-
era assemblage (Alqudah et al.,, 2014a,b). However, integrated studies
to understand the paleoenvironmental and paleoclimate conditions
during deposition of these Jordanian oil shales are limited. This paper
is part of a set of integrated studies of organic and inorganic geochemi-
cal and microfossil taxa. The primary objective is to reconstruct
paleoenvironmental and paleoclimate conditions and their influence
on organic matter enrichment during deposition of oil shale deposits
in the study area of the Yarmouk sub-basin, North Jordan. Here, we de-
scribe systematic organic geochemistry (i.e., biomarker data),
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Fig. 1. The map of Jordan, showing the location of sub-basins and oil shale in the study area
of Wadi Arab in Yarmouk sub-basin, North Jordan.
Modified after Alqudah et al. (2014b).

microfossils (i.e., calcareous nannofossils taxa and foraminifera assem-
blages) and geochemical data from the inorganic elements (i.e., major
and trace elements) of these North Jordan oil shale deposits.

2. Geological setting

Phosphorite and oil shale deposition occurred in the eastern Medi-
terranean regions along the African-Arabian Platform, Tethyan
Circumglo (Abed and Amireh, 1983; Almogi-Labin et al., 1993; Abed,
2013). During the Maastrichtian, in a regional and local scale, plate-
tectonic movements played a major role in basin formation (Alqudah
et al,, 2014a). Oil shales accumulated in silled sub-basins in Jordan and
are ringed by paleohighs that obstructed the Tethyan Circumglobal Cur-
rent (Abed, 2013). The sedimentation in the sub-basins was influenced
mainly by climate and tectonic setting of the sub-basins in Jordan
(Alqudah et al., 2014a,b).

Jordan was located in an epicontinental sea of southern Tethys. Shal-
low marine sediments were deposited during the Maastrichtian include
thick bedded chalky marls, soft chalks, marls, marly limestones and lo-
cally microcrystalline limestones (Hussein et al., 2015). These sedi-
ments correspond to the Muwaqaar Chack Marl Formation (MCM)
(Powell, 1989). The MCM Formation also hosts the bituminous marls
(oil shales). Large variations in thickness over short distances indicate
syn-depositional subsidence of fault-bounded sub-basins during depo-
sition of this formation (Alqudah et al., 2015).

The bituminous marl oil shale samples of the North Jordan are ex-
posed in the Arab, Muqaren, Kora and Shallahah Wadis. Subsurface oil
shale sequences are recorded from boreholes drilled in the Irbid area.
All of the northern oil shale deposits, except for the Wadi Shallalah oil
shale deposit, have been assigned to the Maastrichtian (Alqudah et al.,
2015). Maastrichtian oil shale was deposited during high stand sea
level in Yarmouk sub-basin within an epicontinental sea. A thick oil
shale-dominated sedimentary succession accumulated in this sub-
basin. The oil shale sequence of interest in this study is located in the
Wadi Arab of North Jordan (Fig. 1). This sequence includes thick bedded

bituminous marls (oil shales), chalky marls, marls, marly limestones
and localized calcite veins (Fig. 2). The studied sequence also shows
highly variable grades of bioturbation in the lower part (Fig. 2). The
presence of bioturbation with high organic content in the sediments
suggests bottom water changes from oxygenated to oxygen depleted,
and created conditions for the preservation of organic matter (Hussein
et al., 2014).

3. Samples and methods

Ten (10) outcrop samples were collected from one location at the
Wadi Arab area in the Yarmouk sub-basin, North Jordan (Fig. 1). The col-
lected samples generally are highly bituminous marl (oil shale), and
have been dated and assigned to the Late Cretaceous (i.e. Maastrichtian)
(Alqudah et al., 2015). The near-surface portion of the outcrop was re-
moved before sampling to avoid weathered and oxidized materials.
The oil shale samples were then subjected to detailed organic and inor-
ganic geochemical analyses and microfossil study. The organic/inorgan-
ic geochemical and petrographic analyses were carried out in the
Department of Geology at the University of Malaya, Malaysia. The cal-
careous nannofossils examination was conducted at the Geology De-
partment of Yarmouk University in Jordan.

3.1. Organic geochemistry

The geochemical laboratory work included total organic carbon
(TOC) content, bitumen extraction, gas chromatography-mass spec-
trometry (GC-MS), biomarker analyses, and X-ray fluorescence spec-
trometry (XRF).

The whole rock oil shale samples were powdered form and analysed
by a Multi EA2000 elemental analyzer to measure total carbon (TC) con-
tents. Total organic carbon (TOC) was also measured using the same in-
strument on samples pre-treated with concentrated HCl. Total inorganic
carbon (TIC) contents were calculated from the difference between TC
and TOC.

Powdered samples were extracted with a mixture (93:7) of dichlo-
romethane (DCM) and methanol (MeOH) for 72 h using a conventional
Soxhlet apparatus. The extractable organic matter (EOM) was fraction-
ated into saturated, aromatic and polar (NSO) fractions using liquid col-
umn chromatography on silica gel (60-210 mesh) topped with alumina
oxide. The three main fractions were successively collected using differ-
ent solvents of increasing polarity — petroleum ether (saturated), di-
chloromethane (aromatic) and methanol (NSO). The saturated
fraction was then analysed by a HP 5975B MSD system. The GC com-
pound separation was performed using a HP-5 MS column (length:
30 m, internal diameter: 0.32 mm, film thickness: 0.25 pm) and temper-
ature programmed from 40 to 300 °C at a rate of 4 °C/min, and then held
for 30 min at 300 °C. GC-MS analysis was performed at 70 eV ionization
voltage, 100 milliamps filament emission current, and a 230 °C interface
temperature. Individual saturated biomarker components were then
identified by comparison of the retention times and mass spectra of
the monitored ions for n-alkanes (m/z 85), terpanes and hopanes (m/z
191), and steranes (m/z 217). Mass fragmentograms were compared
with previously published work (Philp, 1985; Peters et al., 2005;
Hakimi et al,, 2016). The biomarker ratios were calculated by measuring
peak heights in the fragmentograms.

The extracted samples were subsequently analysed by X-ray fluores-
cence spectrometry (XRF) that provided major and trace elements. The
major and trace elements were identified using a nondestructive wave-
length dispersive X-ray fluorescence spectrometer of PAN Analytical In-
strument by using a pressed pellet.

3.2. Organic petrology

Organic petrological examination was performed on selected oil
shale samples to investigate occurrence and type of organic matter.
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Fig. 2. (a) Outcrop view with a sedimentary logged section of the studied bituminous marl (oil shale) in the Wadi Arab area, North Jordan; (b) showing bioturbation with high organic

content (bituminous marl); (c) calcite veins inside the bituminous marls.

Organic petrological examinations were carried out using polished
blocks and processed using standard preparation techniques (Taylor
et al,, 1998). Samples were crushed to a particle size of 1-2 mm,
mounted in epoxy resin and successively polished using silicon-
carbide paper followed by alumina powder. Microscopic examination
was conducted principally using an oil immersion x50 objective
under reflected ‘white’ light and UV light, using a LEICA DM 6000 M mi-
croscope and LEICA CTR6000 photometry system equipped with fluo-
rescence illuminators.

3.3. Calcareous nannofossils and foraminifera

For the calcareous nannofossils biostratigraphy, standard smear
slides were prepared for the oil shale samples following the technique
described by Roth (1984) and Bown (1998). The calcareous nannofossil
identification was performed using a transmitted light microscope with
a magnification of 1000 x. Samples from fresh surfaces were taken for
the preparation in order to examine the calcareous nannofossil assem-
blages using the standard biozones of Burnett (1998) and applied the
appreviation UC (upper Cretaceous) in the biostratigraphy scheme. Fo-
raminifera Taxa were identified based on the fluorescence images after
Loeblich and Tappan (1989) catalogs.

4. Results
4.1. Organic matter assemblage

The organic matter assemblage for the analysed oil shale samples
was identified using both normal reflected ‘white’ light and UV

(ultraviolet) light (Figs. 3 and 4). The analysed oil shale samples contain
a significant amount of organic matter particles (Fig. 3). The organic par-
ticles identified are phytoclasts of plant fragments (i.e. vitrinite) and
liptinitic materials i.e., amorphous organic matter (AOM) and alginite
that are structured and are likely marine-derived (Tissot and Welte,
1984). Sediments such as this, rich in aqueous organic matter, are com-
monly named sapropel or sapropelite and are deposited under anaero-
bic or oxygen poor bottom water conditions (Taylor et al., 1998).

The organic matter assemblages of the analysed oil shale samples are
dominated by sapropelic material (Fig. 3a-f). Vitrinite phytoclasts are
also present but as minor components or virtually absent (Fig. 3h-g).
The liptinitic materials were identified using ultraviolet (UV) light exci-
tation, whereby distinct fluorescence intensities were observed corre-
sponding to alginite, amorphous organic matter (AOM) and other
liptinite (i.e. bituminite) (Fig. 3a-f). The amorphous organic matter
(AOM) appears well aggregated, light brown in colour and irregular in
shape under normal white light and commonly shows yellow fluores-
cence under ultraviolet light excitation (Fig. 3a-b). The phytoplankton
alga assemblages, with morphology similar to the present Chlorococcale
alga are common in the analysed oil shale samples, which are character-
ized by greenish fluorescence intensities (Fig. 3c).

Greenish yellow fluorescence intensities are also observed to corre-
spond to alginite assemblages with mixture of telalginite and
lamalginite as previously described by Hutton (1987), with the possible
presence of Tasmanites alga (Fig. 3d and f). Solid bitumen that bears re-
semblance to bituminite II (ICCP, 1993) is the other liptinite that
displayed mostly as dark grey to reddish brown colour under reflected
‘white’ light (Fig. 3e). This indigenous solid bitumen is characterized
by greenish yellow fluorescence and appears as “free” hydrocarbons
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Fig. 3. Photomicrographs of organic matter assemblages in Jordanian oil shale samples of the Wadi Arab section as observed under reflected ‘white’ light (a, e and g), under UV light (b, ¢, d,
fand h ), with field width = 0.2 mm; (a) amorphous organic matter (AOM) associated with clay minerals; (b) the same view as (a) showing greenish-yellow fluorescing AOM; (c) intense
fluorescencing alginite assemblages, with morphology similar to the present Chlorococcale alga; (d) greenish yellow fluorescence corresponds to alginite assemblages, some with morphol-
ogy similar to Tasmanites alga; (e) solid bitumen (bituminite II) associated with other liptinite in reflected ‘white’ light (f) same view as (e) showing greenish yellow fluorescing solid bi-
tumen (bituminite II) associated with alginite; (g) vitrinite with carbonate inclusion; (h) same view as (g) under UV light showing greenish fluorescing carbonates.
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Fig. 4. Photomicrographs of foraminifera assemblages in Jordanian oil shale samples within the study area of Wadi Arab, field width = 0.2 mm; (A) Benthic foraminifera and (B) Planktonic

foraminifera.

(Fig. 3f). Beside the sapropelic organic matter, the benthic and plank-
tonic foraminifera assemblages were also observed in the studied oil
shale samples (Fig. 4). The common identified benthic (b) and plank-
tonic foraminifera (p) species are: Bulimina sp. (b), Siphogenerinoides
sp. (b), Turrilina sp. (b), Heterohelix sp. (p), Globigerina bulloides sp.
(p), Globigerina connecta sp. (p), Globigerina falconensis sp. (p), Orbulina
suturalis sp. (p), and Orbulina bilobata sp. (p).

4.2. Calcareous nannofossils

The zonal scheme of the calcareous nannofossils used here follows
the standard calcareous nannofossils zonation (UC: Upper Cretaceous)
of Burnett (1998). The calcareous nannofossils in the studied oil shale
samples include coccoliths and nannoliths of algae assemblages with as-
sociated nannoliths of unknown provenance. However, most calcareous
nannofossils are found mainly in marine deposits and sometimes are
the major component of a particular rock e.g., chalk of England
(Wyton et al., 2007). On the basis of calcareous nannofossil identifica-
tion, the oil shale samples of the study area show a strongly dominating
marine calcareous nannofossil taxonomic input. The common calcare-
ous nannofossils of the studied oil shale samples are: Arkhangelskiella
cymbiformis, Prediscosphaera cretacea, Watznaueria barnesiae, Micula
murus, Micula decussata, Staurolithites flavus, Watznaueria ovata,
Arkhangelskiella maastrichtiana, Gartnerago segmentatum (Fig. 5),
all are types of phytoplankton. The nannofossils taxa species
i.e., Watznaueria barnesiae, Micula murus, Prediscosphaera cretacea,

Arkhangelskiella cymbiformis and Gartnerago segmentatum (Fig. 5a, b, d,
g and k) indicate that the analysed oil shales in the study area are
Maastrichtian (Burnett, 1998).

4.3. Total sulfur content

The total sulfur content (S Wt.%) in sediment commonly provides
insight into the depositional environment and extent of microbial sul-
fate reduction (Berner and Raiswell, 1983; Berner, 1984; Mohialdeen
et al., 2013). The St content of the studied oil shale samples is
shown in Table 1, and ranges from 2.10 to 8.81 Wt.%, suggesting that
the sediments that formed the oil shales were likely to have been depos-
ited in a marine environment under reducing conditions (Berner and
Raiswell, 1984). This finding is supported by the relationship between
total organic carbon (TOC Wt.%) and total sulfur (S (a1 Wt.%) contents
(Fig. 6a). Moreover, the high total organic carbon contents
(TOC > 2 wt%) of the analysed oil shale samples further suggest the en-
richment of organic matter (OM) that was preserved under favorable
preservation conditions (i.e., reducing) during deposition of these sedi-
ments that formed the oil shales. However, there are different sources of
sulfur (S), such as Fe sulfides i.e., pyrite (Leventhal, 1987; Rantitsch,
2007) and organically bound S (Sinninghe Damsté et al., 1993; Urban
et al,, 1999). We have evidence that the majority of sulfur is associated
with sedimentary organic matter (OM) in the oil shales as indicated by
the good positive correlation between TOC and Sy, contents (R? =
0.80; n = 10) (Fig. 6a). The correlation (R> = —0.49; n = 9) between
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Fig. 5. Photomicrographs of calcareous nannofossil taxa in Jordanian oil shale samples within the study area of Wadi Arab as observed in transmitted light.

Stotal cOntent and iron oxide (FeO) (Fig. 6b), also indicates that sulfur is
not inorganically Fe bound. This is in agreement with the largely ab-
sence of pyrite within the organic matter based on the microscope

investigations. Therefore, the absence of pyrite suggests that the organic
sulfides produced during the bacterial reduction of sulfate (Sinninghe
Damsté et al., 1993; Urban et al., 1999), yielding high-sulfur kerogen

Table 1
Results of TOC and Sty contents and geochemical elements (major and trace) of the bituminous marl (oil shale) samples in the Wadi Arab, North Jordan.

Samples TOC  Siorai Major elements (%) Trace elements (ppm)
ID Wt% Wt%s - - - . -
Si0, ALO; CaO MgO K,0 TiO, Na,0 Fe,03 P,05 Ti/Al AUK V  Ni Cu Sr Zn  V/Ni V/(V  Sr/Cu
+
Ni)
Wadi Arab WAJ-1 211 1.83 5235 039 423 0.08 006 002 009 018 210 0.05 650 210 130 70 100 300 1.62 0.62 143
outcrop WAJ-2 1285 825 21.17 340 3359 0.60 046 020 013 149 3.14 0.06 739 420 260 200 1200 600 1.62 0.62 6.00
WAJ-3 814 634 3032 338 3002 072 0.83 024 021 199 3.01 0.07 407 560 250 380 1400 1400 2.24 0.69 6.58
WAJ-4 422 213 623 248 5219 0.19 021 0.14 006 278 100 006 11.81 550 250 570 2390 170 220 0.69 4.19
WAJ-5 382 210 485 183 5521 0.17 0.17 008 0.06 213 0.84 0.04 10.76 489 240 340 1400 200 2.04 0.67 412
WAJ-6 987 381 489 195 56.10 0.14 0.16 0.10 0.03 214 0.62 0.05 1219 590 210 490 2280 200 2.81 0.74 4.65
WAJ-7 1221 8.81 2230 354 3292 060 044 022 015 159 326 0.06 805 430 310 120 1140 700 1.39 0.58 9.50
WAJ-8 974 6.62 2940 3.58 2278 0.81 051 019 022 186 299 0.05 7.02 410 240 400 1210 810 1.71 0.63 3.03
WAJ-9 1060 7.39 3464 4.51 2055 0.87 0.57 024 022 191 337 005 791 670 250 220 1100 850 2.68 0.73 5.00
WAJ-10 8.04 3.13 3648 447 2149 121 061 019 021 168 338 0.04 733 255 152 220 782 850 1.68 0.63 3.55
Average 8.16 5.04 2426 295 3291 054 040 016 0.14 178 237 0.05 830 458 229 301 1410 608 2.00 0.66 481

TOC: Total organic Carbon, wt%.
Stotal: Total sulfur content, wt%.
Ti/Al: TiO,/AL03.
Al/K: ALO5/K,0.
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Fig. 6. The sulfur content plotted against (a) TOC and (b) Fe,03, suggesting that the sulfur
is associated with organic matter and the oil shales were deposited in a marine
environment under reducing conditions. See text for details.

(Type II-S) and solid bitumen (bituminite II). High-sulfur kerogen (Type
1I-S) within the Late Cretaceous oil shales in Jordan has also been report-
ed by Abed et al. (2005).

4.4, Elemental concentrations and distributions

In this study, inorganic geochemical major oxides and some trace el-
ements of the analysed oil shale samples were measured, and derivative
geochemical ratios were calculated as shown in Table 1. The major
oxide elements CaO, SiO,, Al,03 and P,05 are the dominant constitu-
ents, with an average of 32.91%, 24.26%, 2.95%, and 2.37%, respectively
(Table 1). The major oxide elements SiO,, and Al,O3 are consistent
with siliciclastic sediments. The Al,03 and SiO,, are also positively corre-
lated, with significant correlation (R?> = 0.91; n = 9) between both
(Fig. 7a), suggesting that the Si was sourced from clay minerals. Howev-
er, the relatively low SiO, concentrations in the Late Cretaceous oil
shales also suggests a lower input of terrestrial detritus within low en-
ergy environments (Ross and Bustin, 2009). This is supported by low Ti-
tanium (Ti)/Aluminum (Al) ratios (0.04-0.07), since the Ti is known to
have association with terrigenous detritus and coarser grained sedi-
ments in high energy environments (Calvert et al., 1996; Ross and
Bustin, 2009). High levels of CaO were also recorded in all the analysed
oil shale samples (Table 1). The high CaO concentration indicates a
calcium-rich water depositional environment (such as in marine

R’=0.91; n=9
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Fig. 7. Cross plots of the oil shale samples showing; (a) SiO, content vs. the Al,O3 content
(%); (b) CaO content vs. Sr content (ppm) (data from Table 1).

depositional conditions), and the location is distal i.e., toward the
depocenter of the basin.

The precipitation of calcite from pore-fluids is also indicated by the
presence of calcite veins inside the bituminous marls (oil shales) as
shown in Fig. 2c. However, abundance of calcareous nannofossils, ben-
thic and planktonic foraminifera suggest that these components are
also possible Ca0 sources in the sediments. In addition, high phosphorus
(P) contents are also observed in the analysed oil shale samples, in the
range of 0.62-3.38%. The high concentration of P contents suggests
high biological productivity, because the P can provide ample nutrients
for algae growth and result in reducing conditions favorable for the
preservation of organic matter (Ingall and Jahnke, 1994; Van
Cappellen and Ingall, 1994).

Certain trace elements were also detected in the studied oil shale
samples, including V, Ni, Sr, Cu, and Zn (Table 1). V and Ni have been
used to distinguish between different palaeoenvironments during de-
position (Barwise, 1990; Wenger et al., 2002). In general, marine car-
bonates or siliciclastics show moderate to high sulfur and high
concentrations of Ni and V (Barwise, 1990), whereas non-marine sedi-
ments contain low sulfur content and relatively low Ni and V (Wenger
et al.,, 2002). In this study, the analysed samples have a relatively high
V and Ni values, ranging from 210 to 670 ppm and 130 to 310 ppm, re-
spectively (Table 1). These values of Ni and V accompanied by high sul-
fur content (<2 wt.%) again suggest a marine depositional environment.
The prevailing concentrations of Sr were from 100 ppm to 2500 ppm
(Table 1). The high concentrations of Sr may be due to its similarity
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with Ca in charge and radius, as indicated from a significant correlation
(R? = 0.77; n = 10) between the elements (Fig. 7b). Moreover, the
trace elements recorded in this study have been used as sensitive indi-
cators for paleoredox and paleoclimate conditions during deposition
of sediments that formed oil shales, as discussed in the next sections.

4.5. Biomarker distributions

Organic matter contains complex molecular biological marker as-
semblages commonly known as biomarkers (Peters et al., 2005). In
this study, biomarker compounds i.e., alkane, isoprenoid, hopane and
sterane were identified through retention time and their traces are
shown in Figs. 8 and 9. Peak assignments are listed in Appendix A and
the calculated parameters are shown in Table 2.
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Normal alkanes and isoprenoids are represented by a full suite of
saturated hydrocarbons between C;3-Csg n-alkanes and isoprenoids,
and show a bimodal n-alkane distribution with n-alkane maxima in
the range of nCy7; — nCyg or nCy3 — nCy; (m/z 85; Fig. 8). The carbon
preference index (CPI) values are in the range of 1.01-1.28 (Table 2).
This n-alkane distribution generally suggests a mixed organic matter
as indicated by bimodal distribution with high contribution of aquatic
organic matter input during deposition of the sediments that formed
oil shales (Ebukanson and Kinghorn, 1986; Murray and Boreham,
1992; Hakimi et al., 2012; Hakimi and Abdullah, 2013). Gas chromato-
grams of the saturated hydrocarbon fractions also show acyclic
isoprenoids (i.e. pristane and phytane) in relatively high amounts
(Fig. 8). Phytane (Ph; Cyp) is almost always higher than pristane (Pr;
Ci19) (m/z 85; Fig. 8), resulting in a relatively narrow range from 0.36
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Fig. 9. Left: Terpane distribution in the m/z 191 mass fragmentograms in the saturated fraction of representative oil shale extracts; Right: steranes and diasteranes distribution in the m/z
217 mass fragmentograms in the saturated fraction of representative oil shale extracts. The abbreviation of the peaks is indicated in Appendix A (see Appendix A for details).

to 1.23 (Table 2). Furthermore, pristane/n-C;7 and phytane/n-C;g ratios
are in the range of 0.32-0.59 and 0.33-1.20, respectively (Table 2).
Terpanes and steranes are commonly detected in the m/z 191 and
m/z 217 ion fragmentograms, respectively. The tricyclic terpanes as
well as the hopanes were detected in the m/z 191 mass fragmentograms
as shown in Fig. 9a. The hopane biomarkers are dominated by the pres-
ence of C3p-hopane and C,9-norhopane, with significant presence of
18a(H)-trisnorneo hopane (Ts), and a considerable quantity of
homohopanes (C3,-Czs) (Fig. 9a). The hopane Csg is generally highest
in most of the studied samples (Fig. 9a), with Co9/C59 17c¢ (H) hopane
ratios in the range of 0.41-1.32 (Table 2), suggesting dominance of
clay-rich sediments (Giirgey, 1999). However, some samples have a rel-
atively higher Co9-norhopane compared to hopane C3 with C9/Csg

ratios >1 (Table 2). This is consistent with carbonate lithofacies (e.g.
Clark and Philp, 1989) as supported by high CaO elements (Table 1).

The homohopane distributions are dominated by the Cs
homohopane and generally decreasing toward the C35 homohopane
(Fig. 9a). This distribution of homohopanes is also consistent with clas-
tic sediments (Peters and Moldowan, 1993). Moreover, the
homohopane distribution based on calculated C3;-22R-hopane/Csg-
hopane ratios has been used to distinguish between different deposi-
tional environments (Peters et al., 2005). In this study, the analysed oil
shale samples have C3;-22R-hopane/Czo-hopane ratios between 0.23
and 1.44 (Table 2), suggesting a marine depositional environment.

The C,,-Cy6 tricyclic terpanes are present in significant abundance in
all of the analysed samples (Fig. 9a), and the ratios of various tricyclic



Table 2
Specific biomarker parameters of the of the bituminous marl (oil shale) samples in the Wadi Arab, North Jordan, illustrating source input of the organic matter, depositional environment conditions and thermal maturity.
n-Alkane and isoprenoids Hopanes and terpanes (m/z 191) Steranes (m/z 217)
Tricyclic (TT) and
tetracyclic (TeT) Regular steranes
Hopanes terpanes (%)
CosTT/  CuaTT/  CogTT/ Ca9 Sterane/
Sample ID  Pr/Ph  Pr/Cy; Ph/Cig CPI C35225/(22S + 22R)  Coon/Cson  Czom/Cson  C31r Czon Tm/Ts G/C3p CoeTT  CogTeT CpsTT Gy Cpg Cpg o7/ Cp9 20S/(20S + 20R)  BP/(PP + o) hopane  TPP
WAJ-1 076 044 038 1.28 0.36 0.49 0.53 0.49 050 020 125 1.40 0.58 450 196 354 13 0.18 0.29 0.66 0.31
WAJ-2 095 054 033 1.28 032 0.43 0.43 0.43 097 026 111 1.70 0.52 522 17.0 309 1.7 0.16 0.29 0.77
WAJ-3 0.86 046 037 1.15 0.38 0.44 0.48 0.48 0.43 039 2.00 1.50 0.43 443 191 366 12 0.12 0.28 0.74
WAJ-4 105 052 034 1.06 0.36 0.47 0.38 0.55 0.92 021 133 1.50 0.20 436 233 331 13 0.14 0.30 0.58 0.24
WAJ-5 123 055 042 1.01 052 132 0.13 1.44 034 021 200 1.09 0.60 421 223 356 12 0.33 0.38 0.69 0.25
WAJ-6 121 051 0.45 1.05 0.38 0.59 0.57 1.01 0.33 035 127 2.00 0.56 383 26.7 350 1.1 0.15 030 0.68
WAJ-7 050 045 0.56 125 044 0.50 0.53 0.59 038 030 1.00 1.67 0.56 417 221 362 12 0.13 0.29 0.58 0.28
WAJ-8 073 059 047 113 032 0.67 0.42 0.53 047 023 167 1.36 0.45 435 241 325 13 0.15 0.28 0.69
WAJ-9 038 042 1.20 1.22 036 0.60 033 0.23 1.04 039 122 1.00 0.56 435 235 330 13 0.14 0.27 0.68
WAJ-10 036 032 0.79 126 031 0.41 0.36 0.63 029 030 2.00 1.50 0.60 538 17.7 285 19 0.16 0.29 0.67 0.30

The biomarker ratios were calculated by measuring peak heights in the m/z 191 and m/z 217 fragmentograms (see Figs. 8 and 9).

Pr: pristane (please see Fig. 8), Ph: phytane (please see Fig. 8), CPI: carbon preference index (2[Ca3 + Cas + Co7 + Caol/[Caz + 2{Cas + Co6 + Cag} + C30]) (please see Fig. 8), Caon/Cson: Cog Norhopane Cso hopane (please see Fig. 9 and Appendix A),
C31R/C30H = C3; regular homohopane/Cso hopane (please see Fig. 9 and Appendix A), G/C3o: Gammacerane/Cso hopane (please see Fig. 9 and Appendix A), Ts: (Cy7 18a(H)-22,29,30-trisnorneohopane) (please see Fig. 9 and Appendix A), Tm: (C7
17a(H)-22,29,30-trisnorhopane) (please see Fig. 9 and Appendix A), HOI = homohopane index = C34/(C31-Cs4) in the m/z 191 fragmentogram (please see Fig. 9 and Appendix A), C27/Co9 = C57/Coq regularsteranes (please see Fig. 9 and Appendix A),
sterane/hopane = Cy7, Cog and Cyosteranes in the m/z 217 fragmentogram/Cy; to C35 hopanes in the m/z 191 fragmentogram.
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terpanes have also been calculated (Table 2). In addition, variable
gammacerane indices (gammacerane/Cso hopane) in the range of
0.20-0.91 (Table 2) were obtained.

The sterane and diasterane biomarkers can also be recognized in the
analysed samples (Fig. 9b). The m/z 217 mass fragmentograms of all the
analysed samples are dominated by steranes over diasteranes, with
high relative concentrations of Cp7 regular steranes (Fig. 9b). Relative
abundances of Cy7, Cog and Cyg regular steranes show a high proportion
of Cy7 (38.3-53.8%) compared to Cyg (28.5-36.3%) and Cyg (17.0-26.7%)
regular steranes (Table 2). The ratios of C,7/Cy9 regular steranes and
sterane/hopane have also been calculated and the results are given in
Table 2.

5. Discussion
5.1. Depositional paleoenvironment and origin of organic matter

In this study, the depositional paleoenvironment and origin of Late
Cretaceous oil shale organic matter in North Jordan are primarily
interpreted by examining the organic matter assemblage under the mi-
croscope and integrating this observation with biomarker distributions
as presented in the previous subsections. The kerogen assemblages of
the studied oil shales (Fig. 3) are dominated by liptinitic materials (i.e.
hydrogen-rich alginite and AOM) with limited input from terrestrial-
derived organic matter (i.e. vitrinite). The predominantly marine origin
of organic matter is evidenced from the presence of sapropelic alga
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Fig. 10. (a) Phytane to n-C;g alkane (Ph/n-Cyg) versus pristane to n-C;; alkane (Pr/n-C;7),
and (b) Pr/n-Cy7 versus pristane/phytane ratios, showing depositional conditions and
types of organic matter input in the analysed oil shales.

assemblages and bituminite II in the studied samples (Fig. 3d and f).
The presence of fluorescing AOM (Fig. 3b) and foraminifera (benthic
and plankton) in the samples (Fig. 4) also indicate a marine origin.
This interpretation is consistent with biomarker characteristics of the
organic matter. Lipid biomarkers are commonly used to infer deposi-
tional paleoenvironment (e.g. terrigenous versus lacustrine versus ma-
rine) and origin of the organic matter (Waples and Machihara, 1991;
Peters et al., 2005). Saturated hydrocarbons that are dominated by
short (n-Cy4 — n-Cyp) to middle (n-C;; — n-Cys)-chain n-alkanes with
the presence of waxy alkanes (+n-Cys) are known to reflect a domi-
nantly aquatic organic matter (i.e., algal and cyanobacterial) with a
low amount of terrigenous source input (Eglinton and Hamilton,
1967; Gelpi et al., 1970; Cranwell, 1977; Brassell et al., 1978; Tissot
and Welte, 1984), and as observed in the analysed samples (Fig. 8).
This interpretation is consistent with a narrow range of values for Pr/
Ph, pristane/n-C;7 and phytane/n-C;g ratios (Fig. 10a and b).

The tricyclic characteristics, along with relatively high Cy4 tricyclic to
Cy4 tetracyclic (TTc4/TeTco4) (Table 2), and high Cy3 tricyclic terpanes
(Fig. 9a), are typical of a mixed organic matter with high concentration
of algae and bacteria organic matter with low amount of terrigenous or-
ganic matter input (e.g., Aquino Neto et al., 1983; Zumberge, 1987;
Aquino Neto et al.,, 1989; Burwood et al., 1992; Hanson et al., 2000). Fur-
thermore, the abundance of C,;ooccce20R-regular steranes is high com-
pared to Cy9 and C,g (Fig. 9b), reflecting a high contribution of
plankton/algal source input as indicated by regular sterane ratio ternary
diagram (Fig. 11; Huang and Meinschein, 1979) and corroborated by
the high C,;/Cyg sterane ratio values (Table 2).

The depositional environments of the analysed oil shale samples in
the north Jordan were also evaluated using specific environment bio-
marker parameters (Holba et al., 2003; Peters et al., 2005). These envi-
ronment biomarker ratios are C3;-22R-hopane/Cszo-hopane, and Cys
tricyclic to Cye tricyclic (TTcos/TTc26) and Csg tetracyclic polyprenoids
(TPP) (Table 2). C31-22R-hopane/Csp-hopane ratio was used to infer dif-
ferent depositional environments (Peters et al., 2005). This ratio is gen-
erally higher than 0.25 for marine environment whereas lower than
0.25 for lacustrine (Peters et al., 2005). The analysed oil shale samples
have C3;R/C50 hopane ratios >0.40 (Table 2), suggesting a marine envi-
ronment (Peters et al., 2005). The predominance of C,5 tricyclic com-
pared to Cys tricyclic terpanes (Fig. 9a), with high TTc,5/TTcoe ratios in
the range of 1.00-2.00 (Table 2) are consistent with marine setting
(Peters et al., 2005). The predominantly marine origin is further

Cz-,- Sa20R

Plankton/algal

Land plant

Cys 5020R Cz 5020R

Fig. 11. Ternary diagram of regular steranes (C,7—-Cy9) indicating the relationship between
sterane compositions in relation to organic matter input and depositional environments.
Modified after Huang and Meinschein (1979).
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supported by Cs tetracyclic polyprenoids (TPP) ratios. The TPP ratios
are observed in samples derived from low-salinity (i.e. fresh to brack-
ish) lacustrine environments and are present in relatively low levels in
samples derived from saline (marine and lacustrine) environments
(Holba et al., 2003). The TPP ratios of the analysed shale samples are
low, ranging from 0.24 to 0.31 (Table 2), indicating that the oil shales
were deposited in a marine environment (Holba et al., 2000, 2003).
This interpretation is consistent with TOC and S, contents (Table 1).
The TOC and S;.¢a contents have been used to distinguish between ma-
rine and freshwater environments (Berner and Raiswell, 1984). The
analysed oil shales are characterized by high TOC and S, contents,
and thus confirm a marine depositional paleoenvironment for these
Late Cretaceous oil shales (Fig. 6a). Marine setting of deposition for
the Late Cretaceous oil shales was also earlier suggested from microfos-
sils study by Hussein et al. (2014), and Alqudah et al. (2014b).

5.2. Paleoredox conditions

The paleoredox conditions control the preservation of organic mat-
ter during deposition (Katz, 2005; Tyson, 2005). The results of the cur-
rent study as presented in the previous subsections indicate that the
Late Cretaceous oil shales of North Jordan have been deposited under
relatively reducing conditions, a finding constrained by the biomarker
distributions and further supported by the inorganic elements data
(Fig. 12).

The acyclic isoprenoids (i.e. Pr, pH) are usually the most common
lipid biomarkers used to infer paleoredox conditions (e.g. oxic versus
anoxic) during deposition of sediments (Powell and McKirdy, 1973;
Didyk et al., 1978; Chandra et al., 1994). The low oxygen (suboxic-anox-
ic) conditions during deposition of sediments that formed the oil shales
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are evidenced by distinctively low Pr/Ph ratios of 0.36-1.23 (Fig. 12).
The low amounts of isoprenoids compared to n-alkanes in terms of
pristane/n-Cy7 and phytane/n-Cyg ratios further suggest suboxic to an-
oxic conditions in the presence of nutrients for growth of algae and ma-
rine microorganisms (Fig. 10a). Furthermore, reducing conditions
during deposition of the oil shale are consistent with the presence of
high amounts of preserved organic matter, with TOC values up to
12 wt% (Fig. 12). Moreover, the presence of gammacerane with a rela-
tively high gammacerane index (G/Csp) (Fig. 12) is generally regarded
as an indicator of high salinity stratification and a possible marker for
photic zone anoxia during deposition of the sediments from which
formed the Late Cretaceous oil shales (Moldowan et al., 1985; ten
Haven et al, 1989; Sinninghe Damsté et al, 1995). The high
gammacerane index values are often associated with low Pr/Ph ratios
(Fig. 12).

Trace elements such V and Ni, and their ratios, have been used as in-
dicators for the paleoredox conditions during deposition (Barwise,
1990, Bechtel et al., 2001 and Galarraga et al., 2008). The relative pro-
portions of V and Ni trace elements are controlled by redox conditions
(Lewan, 1984). Reducing conditions during deposition of the Late Creta-
ceous oil shales are confirmed by higher V concentrations than Ni con-
centrations (Fig. 12), since V is usually enriched in comparison with Ni
in anoxic (reducing) marine conditions (Barwise, 1990, Galarraga
et al., 2008). The values of V/Ni ratio are also considered as an indicator
of palaeo-redox conditions. The V/Ni ratio between 1.3 and 3 indicate
deposition under suboxic conditions and >3 indicate that the sediments
were deposited in a more reducing environment (anoxic), whereas
values <1.3 mark the dysoxic to oxic conditions (Galarraga et al.,
2008). V/Ni ratio of the analysed oil shale samples varies from 1.39 to
2.81, suggesting deposition of the oil shales under suboxic conditions.

TOC content (Wt.%) Stotal cONtent (Wt.%) Pr/Ph ratios G/C30 ratios V (ppm) ‘ Ni (ppm) VINi ratios
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Fig. 12. Vertical in-seam variations of TOC and total sulfur contents, V and Ni trace elements and molecular ratios (i.e., Pr/Ph, G/Cso) of the analysed oil shales within the studied Wadi Arab
section. The high gammacerane (G/Cs) values are often associated with low Pr/Ph ratios are indicative high salinity stratification and anoxia conditions during deposition of the sediments

from which formed the Late Cretaceous oil shales.
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5.3. Paleoclimate evolution

In this research, the paleoclimate evolution of the Yarmouk sub-
basin during the Late Cretaceous (i.e. Maastrichtian time) is interpreted
based on proxy microfossils and multiple geochemical data as present-
ed in Fig. 13.

The microfossils such as planktonic foraminifera can be used as indi-
cators of surface-water properties and plankton species in sea floor sed-
iments which are known to be a function of surface-water temperatures
(Murray, 1897). The abundance and nature of planktonic foraminifera
are strongly linked to surface-water temperature, which is one of the
most important factors controlling composition, diversity and shell
size of the plankton foraminiferal assemblages (e.g., Rutherford et al.,
1999; Schmidt et al., 2004). Because almost two-thirds of the world
modern oceans are warm-water provinces (Michal, 2007), there are
many plankton species indicators of warm-water temperature. The
most recently warm-water plankton species are Globigerina sp.,
Globorotalia sp., Globigerinoides sp., Globoturborotaliid sp., and Orbulina
sp. (Gallagher et al., 2003). In this study, plankton dominates the
Maastrichtian foraminiferal assemblages in the analysed oil shale sam-
ples (Fig. 4). The Globigerina spp. (i.e., Globigerina bulloidesGlobigerina
connecta, Globigerina falconensis) and Orbulina spp. (i.e., Orbulina
bilobata, Orbulina suturalis) species are the most common plankton
taxa in the analysed Maastrichtian oil shale samples (Fig. 4). Therefore,
the Maastrichtian plankton fauna is typical of warm-water to relatively
cool-temperate conditions (Gallagher et al., 2003). This is confirmed
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from a dominant presence of warm-water index nannofossil taxa
i.e., M. murus and W. barnesiae based on the analysed Maastrichtian sec-
tion (e.g. Mutterlose et al., 2005) (Fig. 13). The cool water taxa
G. segmentatum and A. cymbiformis (Fig. 3) are also found but with less
frequent occurrence (Fig. 13). This does not support the existence of
an intensive cooling phase in the Maastrichtian but indicates rather
short cold periods that disturbed the dominant long warm-water period
(Fig. 13). However, the dominant long warm periods have increased the
temperature of the sea-surface and thus are accompanied by a propor-
tional increase in surface-water stratification. As noted above, water
column stratification during the Maastrichtian is suggested from rela-
tively high gammacerane indices (Fig. 13).

Maastrichtian climate can also be inferred from elemental geochem-
ical data because these data affect mineralogy and major/trace elements
due to chemical weathering processes (Nesbitt et al., 1996; Rieu et al.,
2007; Yan et al., 2010). Intense weathering is associated with a warm
and humid climate, whereas minimal weathering is associated with
cold and arid climate (Nesbitt et al., 1996). The oxides of major elements
i.e., Si0O,, Al,03, K50, Na,0 and trace elements such as Sr, Cu can be
used to evaluate weathering processes and subsequently to interpret
the paleoclimatic conditions during Maastrichtian time in Northern
Jordan.

The Sr/Cu ratio is an important indicator for paleoclimate conditions
(Lerman, 1989; Wang et al., 1997). Sr/Cu values >5.0 have been sug-
gested to reflect a hot-arid climate, while a low Sr/Cu ratio in the
range of 1.3-5.0 indicates a warm-humid climate (Lerman, 1989). The
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Fig. 13. Vertical in-seam variations of calcareous nannofossils taxa, biomarker ratios (i.e., G/C30) and trace elemental ratio of Sr/Cu, reflecting paleoclimatic conditions of the analysed oil
shales within the studied Wadi Arab section. The high gammacerane (G/Cso) values are generally associated with high Sr/Cu ratios and this relationship between both are indicated that
the high salinity stratification during deposition of the sediments from which formed the Late Cretaceous oil shales is attributed to high temperature (warm-hot water).
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Sr/Cu ratios of the studied oil shale samples are between 1.43 and 9.50
(Table 1). Generally high Sr/Cu ratios of >5.0 are suggested to reflect a
hot-warm climate, and low Sr/Cu ratios less than of 5.0 indicate a cold
climate during the Maastrichtian in Northern Jordan (Fig. 13).

Warm climatic conditions are also suggested using major oxides
(i.e., Si0O,, Al,03, K50, Na,0). The enriched Al,03 compared to K,0
(Table 1), with relatively high ratio of Al/K (Table 1) also indicates
warm climatic conditions (Hieronymus et al., 2001; Ratcliffe et al.,
2004; Beckmann et al., 2005). The aluminum (Al,03) is generally
enriched in kaolinite and are known to be associated with warm cli-
mate (Hieronymus et al., 2001; Beckmann et al., 2005), whilst
potassium (K;0) is associated with illite and reflecting weak chemi-
cal weathering, relating to dry and cold climatic conditions (Ratcliffe
et al., 2004).

5.4. Maturity of organic matter

In this study, the maturity of organic matter of the analysed oil shale
samples was evaluated using specific biomarker ratios as presented in
the Table 2. From m/z 191 and m/z 217 mass chromatograms of the sat-
urated hydrocarbon fraction, the specific maturity biomarker ratios
i.e., C3; hopanes 22S5/(22S + 22R), M3o/C3p, Cog sterane 20S/
(20S + 20R) and BR/(PP + o) ratios (Table 2) were used as maturity
indicators (Mackenzie et al., 1980; Seifert and Moldowan, 1978, 1981,
1986). The ratio of C3; 22S / (22R + 22S) is a widely used biomarker
maturity indicator (Peters and Moldowan, 1993). The values in the
range 0.50 to 0.54 have barely entered the zone of oil generation,
while ratios in the range 0.57 to 0.62 indicate that the main phase of
oil generation has been reached or surpassed (Peters and Moldowan,
1993). The ratios of 22S / (22S + 22R) for C3, hopanes are between
0.31 and 0.52 (Table 2), suggesting that the oil shales have immature
to very early organic matter (Seifert and Moldowan, 1986). The ratios
of Cyg sterane 20S / (20S + 20R) and BB / (BB + owor) maturity ratios
of the analysed samples are 0.12-0.33 and 0.27-0.38, respectively
(Table 2), further suggest immature to very mature maturity (Fig. 14).
The ratio of the moretane/hopane is also used as maturity indicator
(Mackenzie et al., 1980; Seifert and Moldowan, 1986), which the ratio
decreases with increasing maturity (Mackenzie et al., 1980). The values
of the moretane/hopane ratio (0.13-0.57), reflect the same interpreta-
tion. Overall, the thermal maturity indicators indicate that the
Jordanian oil shale samples are still in immature to very early mature
stage, and thus the imply organic matter during deposition has not
been affected by maturity.

5.5. Organic matter enrichment in oil shale

The results of the current study as presented in the previous subsec-
tions indicate that the organic matter enrichment occurred in sediments
that formed the Late Cretaceous oil shales in North Jordan. This finding
was evidenced from high organic matter content, with TOC values of
>12%. This section discusses the main mechanisms that control this en-
richment of organic matter (OM) during sedimentation of the Late Cre-
taceous oil shales. In general, there are three primary mechanisms
controlling organic matter enrichment in sediments, these are: biologi-
cal productivity, preservation and dilution of organic matter (Tissot and
Welte, 1984; Schwarzkopf, 1993; Tyson, 1995; Katz, 2005; Tyson,
2005).

Increased bioproductivity during deposition of the sediments is con-
trolled by phosphorus (P) and nitrogen (N) concentrations and sea-
water temperature (Fig. 15). Phosphorus (P) and nitrogen (N) are the
primary nutrients that are present in excess amounts in sea-water
(Minnesota Pollution Control Agency, 2008). Phosphorus occurs in dis-
solved organic and inorganic forms or absorbed on sediment particles,
and high phosphorus content is likely to cause large phytoplankton
blooms (Fig. 15A). The high concentration of P in the analysed oil
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Fig. 14. A range of thermal maturity based on biomarker maturity parameters (a) Cxg
sterane 20S/(20S + 20R) Vs. BR/(PP + o) as modified after Peters et al. (2005) and
(b) Cyg sterane PR/(PP + aat) Vs. C3; hopane 225(22S + 22R) as modified after Peters
and Moldowan (1993).

shale samples (Table 1) results in excessive amounts of phytoplankton
and marine organic matter (Figs. 3 and 4).

The phytoplankton blooms also change with sea-water temperature
(Minnesota Pollution Control Agency, 2008). Warm water stimulates
phytoplankton blooms and decomposition, whereas the phytoplankton
growth and decomposition decrease under cold water condition
(Fig. 15). Considering the nature of the microfossils and our geochemi-
cal data, the analysed oil shale samples are believed to have been depos-
ited during dominant long warm-water periods (Fig. 13). Therefore,
these warm water periods during Late Cretaceous in the study area
are beneficial for biological productivity within the photic zone of the
water column (Talbot, 1988).

The preservation of organic matter is another important controlling
factor for OM enrichment during sedimentation (Zonneveld et al.,
2010). In this study, water column stratification with low oxygen (re-
ducing) conditions during the deposition of the analysed oil shales in
North Jordan is recognized. Such conditions were proposed based on
biomarker indicators and trace elements (Fig. 13). The low oxygen (re-
ducing) conditions are evidenced by distinctively low Pr/Ph, pristane/n-
C;7, and phytane/n-C;g ratios and relatively high elemental ratios of V/
Ni (Fig. 13). Water column stratification during the Late Cretaceous
(i.e., Maastrichtian) is also indicated by the presence of a relatively
high gammacerane index (Fig. 12). Therefore, water column stratifica-
tion and reducing conditions contribute to the organic matter
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Fig. 15. Conceptual diagram illustrating the factors that influence on organic matter enrichment (i.e. oxygen content and climate conditions) (modified after Integration and Application
network, 2012). Part (a) depicts extensive hypoxia and anoxia conditions. These conditions refer to a partial lack of oxygen and contribute to the organic matter enrichment during
deposition of sediments. This part also shows high phytoplankton productivity and decomposition due to warm-water, and integrated with elevated concentration of phosphorus
(P) and nitrogen (N) nutrients. In contrast, part (b) displays minimal hypoxia and anoxia conditions and thus effect on the organic matter preservation. The phytoplankton growth

and decomposition decrease under cold water condition.

enrichment during deposition of sediments that formed the Late Creta-
ceous oil shale sequence in North Jordan.

The dilution of organic matter is also known to play a fundamental
role in the enrichment of organic matter during deposition (Talbot,
1988; Schwarzkopf, 1993; Mohialdeen and Hakimi, 2016; Hakimi
et al,, 2016b). This can be related to terrestrial detritus, because terrige-
nous detrital input dilutes organic matter (Talbot, 1988; Mohialdeen
and Hakimi, 2016). In this study, dilution, if it has occurred, has been in-
sufficient to reach a low TOC value in the sediments that formed the
analysed oil shale samples. This is suggested from a negative correlation
between terrestrial elements - e.g., Si and total organic carbon (TOC)
content (Fig. 16).
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Fig. 16. Cross plot of the SiO, content vs. TOC content (%) of the analysed Jordanian oil

shale samples (data from Table 1), showing negative correlation between Si element
and total organic carbon (TOC) content for most of the analysed samples (n = 8).

6. Conclusions

Oil shales exposed in the Yarmouk sub-basin, North Jordan were
examined by integrated organic and inorganic geochemical
methods, coupled with microfossils study. The results were used to
investigate the paleoenvironmental and paleoclimatic conditions
during the Late Cretaceous, and influences on organic matter enrich-
ment of the oil shale deposits. The current study yields the following
conclusions.

1- The Late Cretaceous oil shales of North Jordan generally have high
TOC and S;o¢a; Suggesting that they were deposited under reducing
conditions.

[\S]
)

The oil shales contain abundant liptinitic materials (i.e. alginite and
structureless (amorphous) and bituminite II of sapropelic nature)
and planktonic foraminifera as observed under the microscope.

This is consistent with biomarker characteristics of the organic mat-

ter. The biomarker components i.e., normal alkane, isoprenoid,

hopane and sterane suggest that the source organic matter was
dominated by marine-derived organic matter (plankton/algal and
microorganisms).

Periodically low oxygen level in sediment pore water during deposi-

tion of the oil shales has been evidenced from the low and narrow

Pr/Ph ratios and relatively high elemental V/Ni ratios. This low oxy-

gen (reducing) condition contributes to the preservation of organic

matter within the sediments that formed the oil shales.

4- Warm-water periods were recognized during the Late Cretaceous,
and integrated with elevated concentration of phosphorus that
was identified as the major controlling factors for excessive algae
growth and temporally local increases in bio-productivity during de-
position of the sediments that formed the oil shales.

5- The preservation of organic matter (OM) under reducing conditions

and the high bio-productivity were mainly responsible for organic

matter enrichment within the Late Cretaceous oil shales in the

Yarmouk sub-basin, North Jordan.

w
1



188 M.H. Hakimi et al. / International Journal of Coal Geology 165 (2016) 173-189

Acknowledgements

The authors are grateful to the Department of Geology in the Univer-
sity of Malaya and Yarmouk University for providing the geochemical
and petrological facilities to complete this study and to University of
Malaya for providing research grant (No. FP042-2013A). The authors
also would like to sincerely thank to Ms. Asmaa Mahmoud from Natural
Resources Authority and Mr. Mohammad El-Moghrabi from Yarmouk
University for providing the oil shale samples. The constructive com-
ments by Drs. C. Ozgen Karacan and J.A. Curiale, an anonymous reviewer
and Mr. Peter Abolins have improved the revised manuscript are grate-
fully acknowledged.

Appendix A. Peak assignments for alkane hydrocarbons in the gas
chromatograms of saturated fractions in the m/z 191 (I) and 217
(II) mass fragmentograms

(I) Peak no. Compound Abbreviation
Co1 Cy; tricyclic (cheilanthane) Tri Cyq

Con Cy;, tricyclic (cheilanthane) Tri Con

Cy3 Cy3 tricyclic (cheilanthane) Tri Cp3

Cos Cy4 tricyclic (cheilanthane) Tri Cog

Cos Cy4 tetracyclic Tetra Cyq
Cys Cys tricyclic (cheilanthane) Tri C5

Coe Cye tricyclic (cheilanthane) Tri Cyg

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

Tm 170(H),22,29,30-trisnorhopane Tm

29 17,213 (H)-nor-hopane Cy9 hop
29M 173(H),21c(H)-hopane (moretane) Cy9Mor

30 170,213 (H)-hopane Hopane
30M 17 B,21a (H)-moretane C3oMor
31S 17a,213(H)-homohopane (22S) C31(22S)
31R 170,213 (H)-homohopane (22R) C31(22R)
32S 17,213 (H)-homohopane (22S) C32(22S)
32R 17,213(H)-homohopane (22R) C32(22R)
33S 170,21B(H)-homohopane (22S) C33(22S)
33R 170,213 (H)-homohopane (22R) C33(22R)
34S 17,213 (H)-homohopane (22S) C34(229S)
34R 17a,213(H)-homohopane (22R) C34(22R)
358 170,213 (H)-homohopane (22S) C35(22S)
35R 17,213(H)-homohopane (22R) C35(22R)
(II) Peak no

a 13p,17a(H)-diasteranes 20S Diasteranes
b 133,17 (H)-diasteranes 20R Diasteranes
C 13,173 (H)-diasteranes 20S Diasteranes
d 13,173 (H)-diasteranes 20R Diasteranes
e 5a,14a(H), 17a(H)-steranes 20S aan20S

f 5a,14P3(H), 17p(H)-steranes 20R aPPB20R

g 5a,14p3(H), 17p(H)-steranes 20S apP20S

h 5a,140(H), 17a(H)-steranes 20R aooi20R
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