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ABSTRACT: Oil shale deposits of the Late Cretaceous from
three boreholes in central Jordan were examined to assess the
impact of thermal maturation on the content of nannofossils.
Thermal activity has been shown to have a strong effect on organic
matter content and composition but its effect on calcareous
nannofossil assemblages remains inconclusive. This study aims to
determine the impact of thermal maturation on nannofossil
assemblages and to compare this to an estimated maturity level
based on bulk geochemical analysis. Micropaleontological and
geochemical analyses were conducted on 31 samples from three oil
shale wells drilled in Attarat Um Ghudran central Jordan. Several
types of nannofossil preservation have been recorded, including dissolution, overgrowth, and breakage. In the Jordan oil shale
sections, nannofossils exhibit a variety of preservation types, with intense dissolution in the middle part of the study sections. The
vast majority of the samples had high TOC enrichment, with 29 samples exceeding values of >10%. Kerogen recovery and quality
from the oil shale are very good, with a predominance of fluorescent amorphous organic matter (AOM) and minor algal
components. The low fluorescence preservation index (FPI), which is 1 in most of the samples, indicates that alteration occurred due
to intense thermal activities in the study interval. The palynomorph and AOM fluorescence, ranging from a spore coloration index
(SCI) of 3 to 5, suggest that the studied samples were approaching the oil window. A correlation between the nannofossil
preservation and geochemical parameters shows a predominance of poorly preserved nannofossils along with high total organic
carbon contents and an elevated hydrogen index (HI). We show that low FPI values and a higher level of maturity are associated
with poor nannofossil preservation, suggesting that nannofossils, in conjunction with petrographic analysis of kerogen, could be used
as a rapid screening technique for estimating levels of oil-shale maturity. The nature of the tectonism in the study area, including
faulting and a metamorphosed zone, enhanced the maturity, which might explain why the nannofossils were so significantly affected.

1. INTRODUCTION
Organic-rich sedimentary rocks of the Late Cretaceous in
Jordan are composed of inorganic and organic components.
Black shale/marl layers are characterized by high total organic
carbon (TOC), elemental C/N, and Rock-Eval hydrogen index
values. Increments in these measurements are considered to be
indications of the production of marine organic matter. These
organic productions can be associated with inorganic carbon
productivity in organisms like coccolithophores, which on the
one hand produce organic matter and on the other hand
produce carbonates as a shield. TOC concentrations, in such
cases, decrease as sedimentation rates increase, reflecting
dilution of the organic matter.1,2 Many authors have assessed
the rate of R-mode coccolithophore growth to estimate the
primary productivity and correlate high rates with high TOC
and HI values.3,4 Traditionally, organic components are
subjected to maturity assessments.

Determining the maturity level of the organic matter (OM)
during certain phases of exploration is critical, and various
geochemical techniques, such as pyrolysis analysis,5−7 vitrinite
reflectance,8−10 and gas chromatography,11,12 have been used
to understand this for years. Each has its advantages and
drawbacks.
However, maturity assessment is not straightforward and has

limitations,13 bearing in mind possible effects of mud additives
and lubricants,6,14 mineral matrix effects on pyrolysate, and the
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production of pyrolysis.15 As for the pyrolysis parameter Tmax,
a proxy indicator of thermal stress, the assessment of optical
thermal maturity can be affected by various factors, including

the preservation of kerogen, a lack of terrestrial components,
and the suppression of vitrinite reflectivity in oil-prone source
rocks. Additionally, any organic drilling additives will be

Figure 1. (A) Map (Modified after32) and (B) cross section illustrating the geology of the study area. (C) Lithological correlation of Boreholes
QC-48, QC-56, and QC-46. Images showing illustrations of (D) a plunging syncline and (E) the metamorphosed zone. Field photographs were
taken by Mohammad Alqudah.
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present in the kerogen isolate. Although these are usually
distinguished from in situ particles by their immaturity, the
sheer volume of contaminant particles can occasionally obscure
native components, making kerogen-typing and maturity
assessment challenging.
A number of recent studies have identified thermal stress

signatures in a wide range of fossil groups, such as
dinoflagellates, nannofossils, bivalves, echinoids, and
sponges.16−18 Sponge spicules, for example, were found to
have been melted by the Miocene Ewing impact in the abyssal
equatorial Pacific Ocean.16

Palynomorphs are highly sensitive to thermal stressors,
including the depth of burial or contact metamorphism, and
OM trapped in the mineralized skeletal components of
microfossils undergoes a series of chemical and physical
alterations that lead to color transformations.20 The
composition and preservation of nannofossils also respond to
weathering, reworking, oxidation, and thermal metamor-
phism20 and, once calibrated to other maturity proxies, have
the potential to facilitate assessment of the level of thermal
maturation with limited analytical efforts.
A correlation between nannofossil preservation and geo-

chemical parameters including Rock-Eval and organic petrog-
raphy represented by the fluorescence preservation index
(FPI) could be a new and useful rapid screening technique for
estimating levels of oil shale maturity.
The purpose of this study is to determine the impact of

thermal maturation on nannofossil assemblages and to
compare this to an estimated maturity level based on bulk
geochemical analysis, with the expectation that the nannofossil
assemblages would serve as a biothermometer for the
maturation of OM in the Upper Cretaceous oil-shale
successions in Jordan.

2. GEOLOGICAL SETTING
In the Maastrichtian, Jordan was situated at the southern
margin of the Neo-Tethys Ocean where deep-water, locally
organic-rich chalk−marl deposition was taking place on the
epicontinental platform.21−23 A rapid eustatic sea-level rise
during this time resulted in widespread marine on lap over an
extensive area of the Arabian Plate.24 The chalk−marl and
organic-rich marls deposited range from Late Coniacian to
Late Eocene in age and span the Cretaceous−Palaeogene
boundary, which is marked by a depositional hiatus in the
upper part of the Muwaqqar Chalk−Marl (MCM) For-
mation.25,26 The Syrian Arc fold system affected the Levant
intensively in the Late Cretaceous, coinciding with the closure
of the Neo-Tethys.27 This system influenced sediment
accumulation in the grabens, resulting in the deposition of
organic-rich sediments in the basins.28−30 The organic-rich
sediments that accumulated in the mosaic of basins during the
Late Cretaceous vary in thickness over short distances, with the
thickest sequences located near the basin centers, indicating
intensive tectonic effects during their deposition31 (Figure 1).
One economically important basin is the Lajun Basin in central
Jordan, which extends from Lajun in the west to Attarat Um
Ghudran in the east. This basin is bounded by normal faults,
with the number of faults increasing on the western side of the
study area (Attarat Um Ghudran), whereas folding is the more
prevalent structural feature in the eastern part.
The beds, as revealed by a structural evaluation of the

Attarat Um Ghudran location, dip at 2−5° NE and are
dominated by straight and slightly curved faults and linea-

ments32 (Figure 1A). The study area was intersected by a
network of numerous faults, mostly NW−SE trending,
accompanied by different behaviors and displacements33

(Figure 1B). The dominant structures include the E−W-
trending Siwaqa Fault, Zarqa Ma’in strike−slip faults, the
NW−SE Sirhan Fault System and the Karak Fayha Fault, along
with associated structural features, such as horsts, grabens,
folds, and tilted blocks.34 Folding was present in the study area,
where a plunging syncline was discovered during our fieldwork
(Figure 1D).
The Muwaqqar Chalk Marl (MCM) Formation is the main

lithological unit exposed in the study area. This formation
comprises shallow to deep marine sediments deposited during
the Maastrichtian.35,36 It includes thick-bedded chalky marl,
bituminous marl, marly limestone, and chalk and is overlain
unconformably by the Umm Rijam Chert (URC) Limestone
Formation36 (Figure 1). The bituminous marl of the MCM
Formation partially accumulated in anoxic basins in the
deepest parts of the grabens.31,36−38 The URC Formation
has been divided into two parts − the lower part is ∼20−40 m-
thick, consists of chalky limestone, and contains varicolored
marbles (i.e., it has been metamorphosed)39 (Figure 1). It has
been suggested that these marbles formed at high temperatures
in tandem with the thermal combustion of OM in an
alteration-restricted zone.35,40 The upper part of the formation
consists of alternating limestone and chert beds overlain by
chalk and concretions of microcrystalline limestone.37

3. MATERIALS AND METHODS
3.1. Samples and Sampling Procedure. The three cores

investigated in this study came from an explorative program
that drilled a total of 52 boreholes and covered 64.3 km2 of the
concession area in central Jordan. The aim of the drilling was
to evaluate the potential of the oil-shale strata in the region.
Three of the boreholes − QC-46, QC-48, and QC-56 −
contained continuous organic-rich chalky-marly limestone (i.e.,
oil shale) layers with thicknesses of 53, 51, and 44 m, and
overburdens of 79, 103, and 61 m, respectively. In total, 31
visually homogeneous samples (in terms of color, lithology,
and bioturbation index), covering the Late Cretaceous
(Maastrichtian) to Cenozoic (Eocene), were selected and
crushed (Figure 1).
3.2. Nannofossil Preparation and Analysis. Smear-

slides were prepared for determining the nannofossil
assemblages and their preservation following the standard
method of Burnett 1998. The slides were examined under a
polarizing light microscope at 1500× magnification in the
Earth and Environmental Sciences Department of Yarmouk
University (Jordan). The nannofossil biozonation schemes of
Perch-Nielsen41 and Burnett et al.42 were applied to interpret
the Maastrichtian biostratigraphy, with Martini43 being used
for the Palaeogene biozones. The nannofossil preservation
scale of Roth44 was applied in order to record the preservation
of the nannofossil assemblages on each slide. In this scheme, D
is dissolution, with ‘1’ referring to a low dissolution effect, E is
etching, with ‘1’ referring to low etching in the sample, O is
overgrowth, with ‘1’ referring to low overgrowth in the sample,
and B is broken, with ‘1’ referring to a low proportion of
broken species. The nannofossil abundances were defined as
follows: abundant (A) is more than 10 specimens per field of
view (FOV); common (C) is 1−10 specimens per FOV; few
(F) is 1 specimen per 2−50 FOVs; rare (R) is 1 specimen per
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51−100 FOVs; and absent (NO) is no specimens in more than
100 FOVs.
3.3. Bulk Geochemical Analysis. The total organic

carbon (TOC) contents of 31 air-dried, crushed, and
homogenized samples from the three cores were determined

using a Leco SC-632 instrument following the prior removal of
the carbonate by hydrochloric acid (HCl) treatment. Svalbard
rock was used as the geochemical standard, which was run after
every ninth sample and compared to the acceptable range
given in the Norwegian Industry Guide. Rock pyrolysis

Figure 2. Illustration of moderately well-preserved nannofossils from boreholes QC-46 and QC-48. (A) C. bidens, under a cross polarizer (XPL);
(B) C. bidens under plane polarizer (PPL); (C) Chiasmolithus sp., XPL; (D) Chiasmolithus sp., PPL; (E) S. radians, XPL; (F) S. spiniger, XPL; (G,
H) Micula spp., XPL; (I) C. amphipons, XPL; (J) M. decussata, XPL; (K) C. antiquus, XPL; (L) R. splendens, XPL; (M, N) W. barnesiae, XPL; (O) S.
zoensis, XPL; (P) C. ehrenbergii, XPL; (Q) G. segmentatum, XPL; (R) M. decussata, XPL; (S) P. ponticula, XPL; (T) R. crenulata, XPL; (U, V) A.
cymbiformis, XPL; (W) A. octoradiata, XPL; (X) C. kamptneri, XPL; (Y) C. amphipons (XPL).
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Figure 3. Nannofossil distribution chart, borehole QC-48.
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analyses, using ∼100 mg finely ground aliquots of air-dried
sample, were performed using a Rock-Eval 6 analyzer with a
flame ionization detector for two stages of the pyrolysis
temperature program (300 °C for ∼3 min, increasing by 25
°C/min to 650 °C, and maintained for 3 min). The S1, S2, and
S3 data obtained from the analyses were in mg/g. The
hydrogen index (HI: mg HC/g TOC), oxygen index (OI: mg
carbon dioxide [CO2]/g TOC), production index (PP: mg/g),
and production index (PI) were then calculated from these
Rock-Eval results.
3.4. Microscopic Examinations. Kerogen and palyno-

morph coloration and fluorescence analyses were conducted in
transmitted white light using a Zeiss Axioplan microscope
fitted with Zeiss Epiplan Neofluar objectives (10, 40, and 63×)
and 10× eyepieces located at APT company, Aberdeen. The
ultraviolet (UV) fluorescence colors were observed in reflected
short-wavelength blue light using an excitation filter passing

light with a 365 nm wavelength, a barrier filter with a 397 nm
wavelength, and a dichromatic beam splitter with a 395 nm
wavelength. The slides used for the spore coloration work were
prepared using standard palynological techniques20 (HCl and
hydrofluoric acid [HF]), but omitting the oxidative stages.
The spore colors were determined using a > 10 μm fraction,

whereas the kerogen was described using the total kerogen.
The spore-color and kerogen-typing analyses were supple-
mented by observations of exinite and kerogen fluorescence
under reflected blue light excitation.
In order to ascertain the suitability of the different methods

available, kerogen isolates from three QC-56 samples (2, 5, and
9) were screened in transmitted and reflected light to
determine the presence of the organic constituents used in
the assessment of the thermal maturity of sediments. This
initial screening showed that the kerogens in all of the samples
were predominantly fluorescent AOM with fairly abundant

Figure 4. Effect of rock thermal maturation on nannofossil specimens in boreholes QC-46 and QC-56. (A−X) Microphotographs of deformed
species.
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marine palynomorphs. Terrestrial components (e.g., vitrinite
and inertinite) were essentially absent from all the screened
samples. Based on these initial findings, vitrinite reflectivity was
ruled out as a method for assessing the thermal maturity due to

the absence of measurable particles.

Following the initial examination, the whole kerogen and 10
μm sieved fractions of 15 samples from boreholes QC-46, QC-
48, and QC-56 were analyzed in transmitted and near-UV blue
light. The intensities of kerogen fluorescence, using the
fluorescence preservation index (FPI) with a scale ranging
from 0 to 4, were used to interpret the thermal maturity, with

Figure 5. Effect of the rock thermal maturation on nannofossil specimens in boreholes QC-46 and QC-56. (A−Ab) Microphotographs of deformed
species.
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higher FPI values corresponding to higher fluorescence
intensity, which is generally associated with lower maturity
levels.

4. RESULTS
4.1. Calcareous Nannofossil Examination. 4.1.1. Bio-

stratigraphy. Nannofossil assemblages were found in all the
samples but in variable abundances (Figure 2). The
distribution of the nannofossils in borehole QC-48 is
illustrated in Figure 3. Except for one sample each from
boreholes QC-48 and QC-56, which were assigned to the early
Eocene (based on the presence of the species Sphenolithus
spiniger), all of the samples were identified as Maastrichtian
(based on the last occurrence of Lithraphidites quadratus and
Micula murus, the marker species for the bases of biozones
UC20a and UC20b, respectively).
4.1.2. Calcareous Nannofossil Abundance. Nannofossils

were most abundant at the bottom of borehole QC-48, with
the other samples in that borehole and in QC-46 and QC-56
having lower abundances, in the “few” to “rare” categories. At
least one nannofossil specimen was found in every FOV in
QC-48 samples S2, S6, and S11. Samples S7−S10 had “very
rare” abundances, with less than one specimen per five FOVs
or more. In QC-56, only three samples fell into the “few”
category (samples S1, S4 and S5), with the remaining ones
containing only “rare” nannofossils. Borehole QC-46 had the
lowest nannofossil abundances, with only one sample
containing one nannofossil specimen per FOV.
4.1.3. Calcareous Nannofossil Preservation. In borehole

QC-46, poor preservation of nannofossils is evident, with
dissolution of the rims and central areas, overgrowth of the
rims, and general breakage of the specimens recorded.
Photomicrographs showing the different degrees of resistance
of the nannofossils to deformations are given in Figures 4 and
5, with the distribution of the preservation classes for the three
boreholes illustrated in Figure 6. The top two samples (S1 and
S2) had moderate preservation with mild overgrowth (O1) in
some specimens and moderate dissolution (D2) in others
(Figure 4A−D). Heavy dissolution (D3) was observed with
depth, reaching a maximum in S7 (Figure 4H−J). It should be
noted that S7 exhibited very strong dissolution, making it
challenging to identify the species because the rims and
central-areas of the nannofossils were all totally or partially
affected. Dissolution was detected in S3 and S8 but was not as
severe as in S7 (Figure 4E,F,K). Overgrowth was evidenced by
enlarged rims, as shown in Figure 4G. There was relatively
good preservation in the lowermost sample, S10 (Figure 4M).
Poor preservation with extreme dissolution affected the

samples at the top of borehole QC-56 (Figure 4N). The
preservation showed a gradual change between samples S3 and
S6. Mild dissolution and etching were observed in S3 (Figure
4O,P). The degree of dissolution increased in S4 (Figure 4Q−
T) and reached a maximum in S7 (Figures 4V−X and 5B−E).
Samples S4 and S6 included some examples of overgrowth
(Figures 4U and 5A). The samples showed mild effects of
preservation, with many specimens being well preserved but
some showing mild overgrowth (Figure 5C). Sample S9 was
poorly preserved with intensive dissolution (Figure 5F),
whereas the lowest sample (S10) had relatively higher
abundance and was better preserved.
Among the three boreholes, QC-48 had the best-preserved

nannofossils, with relatively well-preserved specimens found in
sample S1 at the top of the borehole followed by moderately

preserved nannofossils with dissolution affecting the rims in
sample S2 (Figure 5H,I) and then significant dissolution in
sample S3 (Figure 5J,K). The deeper samples (S4−S6) had
moderate etching due to dissolution and partial overgrowth
(Figure 5L−S).
A significant change in preservation was observed in samples

S7−S9, which displayed intensive etching and slightly broken
nannofossil assemblages (Figure 5T−Ab), in contrast to the
relatively well-preserved nannofossils in the lowest samples
(S10 and S11).
4.2. Petrographic Examinations. 4.2.1. Kerogen Com-

position. The whole-kerogen compositions were recorded as
visual estimates of three component groups: liptinite, vitrinite
(including nonfluorescent AOM), and inertinite (Table 1).
The dominant component of the kerogens was liptinite, with
the amount of vitrinite being fairly low and inertinite occurring
in trace amounts or being virtually absent. The liptinite was
intensely fluorescent AOM yellow and reddish in colors,
compared to the vitrinite materials, which were black and
nonfluorescent or weakly fluorescent and dull brown AOM.
The inertinite was a modified vitrinite, in which the
morphologically friable structure had been retained, and it
was fluorescent dull brown or black.45

Based on these results, the estimated proportion of kerogen
components for the borehole samples was separated into six
definitive OM categories following Tyson.46 These categories
highlight the dominant kerogen type as well as reveal the
organic facies such as fluoramorphinite (FA) − fluorescent

Figure 6. Degree of nannofossil preservation based on summing
specimens showing dissolution, breakage, and overgrowth.
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AOM, hebamorphinite (HA) − nonfluorescent or weakly
fluorescent AOM, algal (AL) OM/phytoplankton − identifi-
able algae and phytoplankton, including dinocysts, herbaceous
(HE) OM-identifiable species and fragments of spores, pollen
and leaf cuticles, woody (WO) OM-translucent, structured
woody tissues, and coaly (CO) OM-completely opaque,
usually angular material.
The FA materials were the dominant constituents of the

kerogens, whereas the HE and AL fractions did not exceed
15% and 5%, respectively, in the majority of the samples. This
excludes QC-46, sample S10, and QC-56, sample S1, where
HE constituted 60% and 100%, respectively, and the OM in
both samples appeared darker and more humic than in the
other samples. Humic OM is a major indicator of the vitrinite
group.45

4.2.2. Organic Facies. The organic facies component was
investigated using both normal transmitted light and UV light
(fluorescence). The dominant kerogen type comprised
sapropelic materials (liptinite), which accounted for 85% to
100% in the majority of the samples, with the exception of QC-
46, sample S10 (40% sapropelic) and QC-56, sample S1 (0%
sapropelic). Based on the palynomacerals, the major organic
categories were, in order of abundance, AOM, AL
(phytoplankton), HE and zooclasts. An optical examination
revealed that the kerogen type was almost entirely made up of
AOM, with variable contents of AL, HE, and zooclastic
microorganic remnants (Figure 7).
4.2.3. Petrographic Results. Five samples from QC-46

(S1−S10) were analyzed. The AOM was moderate to reddish
brown in samples S1 and S7 and orange-brown in samples S3

and S4. Samples S1 and S7 contained light reddish orange
fluorescing palynomorphs (FPI 1−2). All petrographic data are
listed in Table 1. At the base of the analyzed interval, in S10,
the AOM fluorescence was weak brown (FPI 2−3) and no
palynomorphs were present. The observed AOM and
palynomorph colors and fluorescence suggest equivalent
spore color index (SCI) values of 3.0−4.0 for all analyzed
samples.
Samples S1−S9 from QC-56 had variable kerogen and

palynomorph appearances through the analyzed section. In the
shallowest sample analyzed, S1, the kerogen appeared darker
and possibly more humic than in the deeper samples, with a
single miospore observed with a SCI value of 4.5. The AOM
was nonfluorescent in this sample, and the palynomorphs
displayed dull brown fluorescence (FPI 3). The AOM in the
deeper samples was strongly cohesive and orange in
appearance with increasingly stronger fluorescence with
depth. In S2, the AOM had brown fluorescence, and the
palynomorphs fluoresced yellow-orange and light reddish
orange (FPI 2). The palynomorph fluorescence remained
yellow-orange and light reddish orange in S5, with the AOM
fluorescing light orange brown (FPI 1). In S7, the
palynomorphs displayed yellow fluorescence, while the AOM
fluorescence was reddish brown (FPI 1). At the base of the
analyzed interval (S9), yellow-orange palynomorphs and
strong yellow-brown AOM fluorescence were observed (FPI
1). Based on these observations, there appears to be a slight
inverse maturity gradient through the section, with equivalent
SCI values ranging from 4.0 to 5.0 in S1 to 3.0 to 4.5 in S9.

Table 1. Kerogen Composition and Description

constituents of kerogen

borehole
depth
(m) kerogen description FA HA AL HE WO CO

QC-46 84.63−
84.7

Dominantly moderate brown, strongly cohesive AOM. Rare and poorly preserved marine
palynomorphs.

100 Tr

85.55−
85.6

Dominantly orange brown, low to strongly cohesive AOM. Rare and poorly preserved marine
palynomorphs.

100 Tr Tr

93.29−
93.34

Dominantly orange brown, strongly cohesive AOM. Abundant well preserved marine
palynomorphs

95 5

95.38−
95.49

Moderate brown, low-strongly cohesive AOM. Palynomorphs essentially absent. 100

112.86−
112.9

Orange brown, strongly cohesive AOM. Palynomorphs absent. Fluorescence is notably weaker
than above, likely due to change in preservation.

40 60 Tr

QC-48 122.29−
122.32

Light orange brown, low-moderately cohesive AOM. Rare oil droplets. 100

125.39−
125.47

Moderately brown, strongly cohesive AOM. Occasional oil droplets 100 Tr

140.22−
140.25

Dominantly moderate brown, strongly cohesive AOM. Marine palynomorphs very rare. 90 10 Tr Tr

148.64−
148.72

Dominantly moderate brown, strongly cohesive AOM. Fairly abundant, poorly preserved,
marine palynomorphs.

80 20 Tr

151.0−
151.06

Dominantly moderate-dark brown, strongly cohesive AOM. Abundant well preserved marine
palynomorphs.

90 10

QC-56 79.7−
79.75

Moderate brown, finely disseminated organic matter and moderately cohesive AOM. Organic
matter appears darker and possibly more humic than in the deeper samples. Single potential
miospore.

100 Tr

91.16−
91.22

Dominated by orange brown, strongly cohesive AOM. Marine palynomorphs moderately
abundant.

90 10 Tr

110.67−
110.75

Dominated by orange brown, strongly cohesive AOM. Marine palynomorphs moderately
abundant.

90 10 Tr

113.27−
113.31

Dominantly orange brown strongly cohesive AOM. Abundant well preserved marine
palynomorphs.

90 5 5

136.45−
136.52

Mostly orange brown strongly cohesive AOM. Marine palynomorphs common with bacculate
orientation.

80 15 5
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The kerogens were predominantly composed of fluorescent
AOM with minor abundances of algal components in borehole
QC-48. Terrestrial components were absent from the majority
of samples, with trace amounts of inertinite and vitrinite,

probably detrinite, present in samples S3 (85.6 m) and S10
(112.9 m), respectively.
Five samples were analyzed from the QC-48 borehole from

122.32 to 151.06 m (S1−S11). The AOM was light-orange-
brown in Sample S1 at the top of the analyzed interval,
moderately dark brown between S3 and S9, and dark brown in
S11. The fluorescence colors shifted through the analyzed
samples, with the AOM in S1 being nonfluorescent (FPI 4)
and no recognizable palynomorphs being present. Samples S3
and S6 (140.25 m) contained an orange brown fluorescing
AOM and light reddish orange fluorescing palynomorphs (FPI
2). Sample S9 had a stronger orange brown fluorescence, and
the palynomorphs displayed a mixture of yellow to yellow
orange and light reddish orange fluorescence colors (FPI 1). At
the base of the analyzed interval, in S11, the AOM fluoresced
reddish brown and the palynomorphs displayed yellow and
light reddish orange fluorescence (FPI 3). These observations
gave equivalent SCI ranges of 3.5−5.5 in S1 and 3.0−5.0
between S3 and S11.
4.3. Bulk Geochemical Characterization. The percent-

age by weight of the TOC content varied greatly through the
depth profiles of the three cores, ranging from 4.7 to 21.3 wt %
(av 15.2 wt %) (Figure 8). Comparably low TOC values
(approximately 5 wt %) (Figure 8) were recorded in the two
samples from the uppermost parts of QC-48 and QC-56
(samples S1 and S1, respectively). They also had lower
pyrolysis parameter (av. S1 = 0.07 mg/g, av. S2 = 1.9 mg/g,
and av. S3 = 4.6 mg/g) and HI (avg 34 mg HC/g TOC)
values, but a higher OI value (avg 80 mg HC/g TOC).
The pyrolysis data (S1, S2, S3, and Tmax) are listed in Table

2 and shown in Figures 8 and 9. The samples from QC-48 and
QC-56 had similar average values of S1 (∼2.3 mg/g), S3 (∼1.7
mg/g) and PI ratio (0.03) [defined as S1/(S1 + S2)], whereas
higher average values for S2 and lower values for S1, S3, and PI
ratio were recorded in QC-46. The S2 values ranged from <1
to 116 mg/g (av. 87 mg/g).
The average HI values were high in all three cores, with

maximum values of 706, 633, and 667 mg HC/g TOC for QC-
46, QC-48, and QC-56, respectively (Figure 8). The

Figure 7. Photomicrographs illustrating types of sieved OM from the
shale samples. (A) UV fluorescence structureless, strong brown-
yellow AOM with fluoramorphinite (FA). (B) Transmitted light −
dorsal view of dinoflagellates. (C) Transmitted light − sporinite (Spt)
and planktonic foraminifera (PF). (D) UV fluorescence − alginite
(AL), leaf cuticle (LC) and tesmanite (Tes). (E, F) Transmitted light
− fragments of spores (Sp). (G) Transmitted light − planktonic
foraminifera (PF). (H) Transmitted light − benthic foraminifera
(BF). Photomicrographs were taken by A.F.

Figure 8. Depth profiles showing variation in the TOC and HI values in (A) QC-56, (B) QC-46, and (C) QC-48.
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corresponding OI had maximum values of 74 and 86 mg of
CO2/g of TOC in QC-48 and QC-56, respectively, with QC-
46 having a maximum value of ∼21 mg of CO2/g of TOC
(Table 2).

Tmax, an indicator of thermal maturation, had similar average
values of ∼417 °C among the boreholes, with the highest value
being 422 °C in QC-48. The relationship between the Tmax and
depth in QC-46 was highly variable. There was a distinct
systematic trend in QC-48, with a gradual decline in the upper
part down to sample S5 (∼137 m) and then an overall
increasing trend in the lower part, from sample S6 (∼140 m)
on down. The trend in QC-56 involved a general increase in
Tmax down to the lowermost samples, from 414 to 420 °C)
(Figure 9).

5. DISCUSSION
5.1. Maturity of Organic Matter (OM). The high OM

content (expressed as weight percent organic carbon) in the
cores varied up to 21.30 wt % (av. 15.2 wt %), with an S2
pyrolysis yield of up to 117 (av. 87) mg HC/g rock and a fairly
high average HI of 557 (range <5−706) mg HC/g TOC.
Those results suggest excellent HC generative potential, with

oil-prone source rocks at peak maturity and a uniform source
of OM.
The pyrolysis data and HI versus OI values suggest that all

of the samples were predominantly composed of hydrogen-rich
Type-IIS kerogen. The low TOC content (∼5%), low average
HI value (34 mg HC/g TOC), and higher OI value (av. 80 mg
HC/g TOC) suggest the oxidation of OM rather than changes
in the OM composition, from predominantly Type-II marine
to Type-III terrigenous OM. This oxidation may have been
caused by high bioturbation (Figure 1C).
Type-II kerogen is supported by the petrographic analysis,

which revealed predominantly oil-prone fluorescent AOM
(almost 100% of the total OM, as indicated by common
fluorescence). In this case, it was derived largely from marine
organisms, with minor abundances of algal components and
with no terrestrial contribution.
Due to the absence of terrigenous material, the thermal

maturity of the samples was evaluated using Rock-Eval,
palynomorph, and AOM color and fluorescence. Because the
palynomorphs were marine in nature, exhibiting a wide range
of colors not specifically linked to maturity, measuring of the
SCI was unsuitable.47 For this reason, the thermal maturity of

Table 2. Minimum (min.), Maximum (max.), and Average (av.) Values of the Bulk Geochemical Parameters and Kerogen δ13C
from the Studied Boreholesa

Well Depth Range (m) TOC (%) S1(mg/g) S2(mg/g) S3(mg/g) Tmax (°C) HI OI PI PP(mg/g) δ13C‰
QC-56 79.7−139.32 av. 14.8 2.4 87.8 1.3 416.8 599 9 0.03 90.2 −29.1

max. 18.4 3.1 102.6 1.9 420.0 667 15 0.04 105.1 −28.6
min. 11.8 1.4 73.2 0.9 414.0 545 7 0.02 75.8 −30.0

QC-46 84.63−112.9 av. 16.9 1.3 99.1 2.8 417.2 595 17 0.01 100.4 −29.4
max. 21.3 1.9 115.6 3.6 421.0 706 21 0.02 117.2 −28.6
min. 11.8 0.5 78.3 2.2 413.0 527 11 0.01 79.2 −30.2

QC-48 122.29−151.06 av. 15.8 2.5 91.7 1.4 416.3 584 9 0.03 94.2 −29.1
max. 20.8 3.6 114.8 1.9 422.0 633 13 0.03 118.4 −28.8
min. 11.7 1.7 74.0 1.0 412.0 548 7 0.02 75.7 −30.0

aTOC = Total organic carbon. S1-peak = free contents of hydrocarbon(mg HC/g rock); S2-peak = remaining hydrocarbon potential (mg HC/g
rock); S3 peak = produced carbon dioxide (mg CO2/g rock); HI = S2 × 100/TOC (mg HC/g rock); OI = S3 × 100/TOC (mg CO2/g TOC); Tmax
= maximum temperature at peak of S2(°C); PI = production index [S1/(S1 + S2)]; PP = petroleum potential (S1 + S2).

Figure 9. Depth profiles showing variations in Tmax and S2 values with depth for (A) QC-56, (B) QC-46, and (C) QC-48. Black arrow in panel (A)
indicates a sudden increase in Tmax (to 546 °C) at the top of Borehole QC-56.
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the samples is expressed as equivalent SCI ranges, based on the
above criteria, although it should be noted that the reported
palynomorph fluorescence colors are not as sensitive to
thermal alteration as those from miospores, where shifts in
color can be linked to oil-window maturity. Additionally,
preservation appears to have had a significant impact on the
appearance of the kerogens, with notable changes in kerogen
color and fluorescence across small depth intervals.
The studied MCM Formation samples were part of a larger

system of similar facies and age that has been found in many
localities, not only in Jordan but also throughout the
region.37,38,48−50 A direct comparison was made with previous
work on samples from nearby Upper Cretaceous oil shales of
the MCM Formation that had similar TOC enrichment
(average ∼10 wt %), HI values (600−700 mg HC/g TOC),
and petrographic observations (predominant AOM). This
study supports what they found in the similar-age oil shales,
but also points to the kerogen being of Type IIS.48,51,52 Based
on bulk kinetic models, the main phase of the HC formation
from the thermally immature Upper Cretaceous oil shales of
the MCM Formation was determined and occurred between
122 and 148 °C, with a suggested equivalent vitrinite
reflectance of between ∼0.56 and 0.6548 (Hakimi et al.
(2018)). This low-temperature generation of HC, due to the
lower kinetic energy of cracking S−S compared to C−S bonds,
is significantly below the HC threshold for Type-II kerogen
(Tmax >430 °C and corresponding vitrinite reflectance >0.6),6

but within the range for hydrogen−sulfur-rich Type-II kerogen

(Tmax >410 °C).53,54 Overall, this finding, concerning the
generation of sulfur-rich HCs at an early stage of kerogen
cracking, is important for understanding the generation of HCs
at relatively shallow burial depths (not exceeding 200m) in the
studied cores.
The threshold for oil generation from hydrogen-rich Type-

IIS kerogens is 0.39%Ro vitrinite reflectance (∼3.5 SCI),55 and
taking into account the apparent effect of preservation on the
optical thermal assessment of the samples, this suggests that
the QC-46 samples were largely immature, possibly approach-
ing the oil window at the base, whereas the QC-48 and QC-56
samples were largely in the early oil window.
The optical microscopy results generally correlated with the

Tmax values (412 and 422 °C), indicating overall early oil-
window maturity for Type II−S kerogens, considering their
lower onset of generation (Tmax = 410−415 °C) than for
normal Type-II kerogen shales.53,56,57

5.2. Nannofossil Preservation and FPI Values. A
relationship was determined between the nannofossil preser-
vation and FPI (Figure 10). The FPI in QC-46, samples S1
and S7 had values ranging between 1 and 2, which coincided
with moderate to poor nannofossil preservation. The FPI value
in sample S10 reached 2 to 3, which correlated with better
nannofossil preservation. High FPI values in QC-56, samples
S2, S5, S7, and S9 correlated well with the nannofossil
preservation. However, nannofossils were not present in
sample S1 due to metamorphism, which was observed in the
field as having affected outcrops in the area. This observation

Figure 10. Degree of nannofossil preservation versus TOC, HI, and FPI in the three boreholes.
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was coupled with a high FPI value, further confirming that the
uppermost interval had been affected by thermal activity. The
topmost and bottommost samples from QC-48 included well-
preserved nannofossils associated with higher FPI values. In
contrast, lower FPI values were associated with poorly
preserved nannofossils in QC-48, samples S3 and S9. The
FPI value in sample S6 was consistent with moderate
nannofossil preservation.
5.3. Calcareous Nannofossil Preservation versus TOC,

HI, and Tmax. Clear signs of poor preservation, including
dissolution of the rims and central areas, overgrowth of the
rims, and breakage of the nannofossil specimens, were
recorded in the samples and showed trends that correlated
with selected bulk geochemical data (Figure 10).
In QC-46, samples S4 and S7, poorly preserved nannofossils

were generally present in the samples with higher TOC
contents (>18 wt %), lower HI values, and higher Tmax (>420
°C) (Figure 10). Samples QC-56, S3, S6, and S8 support this
observation, with sample S3 having lower TOC and higher HI
values than samples S6 and S8, and being associated with
better nannofossil preservation. The poorly preserved

nannofossils in QC-48, sample S2, were coupled with a high
TOC value. The opposite was observed in samples S4 and S6,
which contained moderately preserved nannofossils.
A relationship was found between HI and nannofossil

preservation, with the low HI value in QC-46, sample S4 being
associated with poor preservation and intense nannofossil
dissolution. In QC-46, sample S8, a high HI value was
associated with moderately good nannofossil preservation. In
QC-56, sample S3, relatively well-preserved nannofossils were
associated with a high HI value, whereas the opposite was true
in samples S5 and S7, where poorly preserved nannofossils
occurred alongside high HI values. These nannofossils likely
experienced intensive thermal activity, which caused over-
growth of the rims and thereby the poor preservation category
of the nannofossils. In QC-48, samples S2, S3, S5, S7, and S8,
there was a clear relationship between poor nannofossil
preservation (intense dissolution) and low HI values.
Poorly preserved nannofossils were observed in samples with

high Tmax values, including QC-46, samples S4 and S7, QC-56,
samples S5−S7 and S9, and QC-48, samples S3 and S7−S9. In
QC-48, samples S1 and S11, this correlation did not apply

Figure 11. Schematic showing the influence of geological setting on the maturation of organic matter and the preservation of carbonate shells.
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because the high Tmax values were associated with relatively
good nannofossil preservation. These two samples experienced
high bioturbation, which could explain this discrepancy.
5.4. Geological Setting Influence on Calcareous

Nannofossil Preservation and Maturity of Organic
Matter. All relationships detected in this study indicate that
the geological setting significantly influenced the nannofossil
preservation and thus the maturity of the OM. We observe a
correlation between the degree of nannofossil preservation in
the oil-shale samples and the indices of organic petrographic
analysis. Because Alqudah et al.19 and Self-Trail56 were able to
trace the effect of thermal stresses on nannofossils among
different sites across the globe, it may be possible to use
nannofossils to indicate the level of maturity in oil-shale
samples. The poor preservation and high deformation of
nannofossils in QC-48, samples S7−S9 coincided with low FPI
values (Figure 10) caused by a network of faults crosscutting
the study area and encompassing QC-48 (Figure 11). The top
sample studied from this borehole (Sample S1) had relatively
good nannofossil preservation and a low FPI value. An
unconformable surface was distinguished in QC-48, samples
S1 and S2, with S1 containing Sphenolithus spiniger, which has a
range that spans the Ypresian to the Priabonian (NP14−
NP17), making this sample Eocene in age. However, the poor
preservation in QC-48, sample S1, as indicated by the
appearance of the kerogen and the lack of fluorescence, may
suggest that its thermal maturity was comparable to that of the
other samples in the core.
Comparing the nannofossil preservation between QC-48,

sample S1 and QC-56, sample S1, the poor preservation in the
latter is obviously due to thermal activity in the restricted
metamorphic zone that occurred near the surface in the middle
of the study area (Figure 11). According to several authors,
such as Powell35 and Khoury et al.,57 this unusual meta-
morphism occurred in central Jordan due to the combustion of
oil shales in a restricted basin. No studies have yet determined
the peak temperature for the metamorphosed zone. Overall,
samples from this core appear to be slightly more thermally
mature than samples from other boreholes.
However, Khoury et al.57 indicated that this metamorphism

was low grade. The oil shale closest to the metamorphism
showed a higher maturity than that of the other depths.
Moderate preservation was detected in QC-46, where large-
scale folding was present (plunging syncline). The samples
from QC-46 appeared to have a slightly lower thermal maturity
than those from QC-48 and QC-56. Given the sedimentary
basin setting (the syncline), the significant inverse shift in the
FPI over a relatively short depth interval (∼56 m) was likely
the result of the variation of kerogen preservation.
The maturity of the OM represented by the Tmax values in

samples from the upper part of QC-48 was abnormally high
but dropped abruptly between samples S1 and S5, in the
middle of the section, from 420 to 412 °C, before starting a
gradual increase to 422 °C toward sample S11 at the base of
the section (Figure 9). This unanticipated finding of greater
maturities recorded by Tmax, possibly approaching the onset of
HC generation, was consistent with the optically estimated SCI
values (generally ranging between 3.0 and 5.0). The shallow
depth of the samples suggests that this variation in the
maturity, as indicated by the Tmax and SCI values, was not due
to conventional differences in the geothermal gradient but
possibly to a different preservation state or, more likely, the
influence of thermal stress.

The suggestion of a heat source is supported by field-work
observations (Figure 11). One of the subsidiary NE−SW-
trending faults, with a strike of 30°N and a dip of 20°SE, was
observed to head toward and occur close to samples from the
bottom of the QC-48 section. Thus, the slightly higher
maturity value noted in QC-48, sample S11 (Tmax approaching
422 °C), compared to the lower maturity value in sample S5
(Tmax 412 °C) in the middle of the interval, can be explained
by the lower distance to the source of the heat, likely from the
attached fault. The higher maturation recorded in QC-48,
sample S1 (Tmax 420 °C) at the top of the core (Figure 9) is
most likely attributable to the plunging syncline observed in
the field (close to the location where QC-48 was drilled)
(Figure 1). Overall, this estimation of a higher level of maturity
was further reflected by the highest average (2.5 mg/g) value
of free HCs (in QC-48, sample S1).
Borehole QC-46, at a shallower burial depth but with similar

OM composition and richness to the other boreholes, had a
thinner expression of the organic-rich MCM Formation.
Contrary to the observed trend in Tmax in QC-48, and
despite being located in an anticline structure and close to a
vertical fault, QC-46 appears to be the least mature, with an
estimated SCI range of 3.0−4.0 and with no clear maturity
trend exhibited by Tmax.
In QC-56, a maturity-related trend with depth was indicated

by a gradual increase in the Tmax, suggesting no influence of
structural features. However, the high maturity value (Tmax =
546 °C) in a spot sample at 112 m in the uppermost part of the
borehole was somewhat unexpected and may not accurately
reflect the maturity level. This might be related to the thick
metamorphosed zone that overlies the MCM Formation, the
occurrence of reworked material from older strata, or to the
higher bioturbation density (e.g., presence of Zoophycos and
Chondrites). This suggestion of an oxygenated interval is
supported by the higher OI value (86 mg of CO2/g of TOC)
and lower HI (5 mg of HC/g of TOC) and TOC (4.7 wt %)
values.
5.5. Influence of Early Diagenesis Mechanism on

Nannofossil Preservation. Self-Trail56 described the pres-
ervation of nannofossils in impact sediments of the Late
Eocene Chesapeake Bay Crater in the eastern USA, where
calcite overgrowth developed at the tips and around the edges
of the rays of specimens of the genus Discoaster. Alqudah et
al.,19 in studying the effect of the Waqf As Suwan meteorite
impact on Late Cretaceous nannofossil assemblages, found the
upper sediments to have been thermally altered by the impact,
which caused partial or complete dissolution of the calcareous
nannofossils. Overgrowth was also detected on more resistant
species, whereas other taxa were dissolved.
The resistance of certain nannofossil taxa to thermal

activities is well documented.17,19,56 When the sediment is
subjected to a source of alteration, such as an intense thermal
event, Discoaster spp. and Micula spp. will remain in an
assemblage longer than any other taxa, instead experiencing
overgrowth. Micula spp. were encountered in QC-46, samples
S7−S10, and were more resistant over time than the other
species, which likely dissolved due to the harsh environment
that would have prevailed during the accumulation of OM.
The nannofossils in the other samples in QC-46 were very rare,
with Micula spp. dominating, likely due to its resistance to the
thermal alteration.
In relation to the degradation of abundant OM in the

sediment during early diagenesis, porewater alkalinity is a
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major factor that influences the preservation of nannofossil
assemblages. The change in fluid pH is associated with the very
beginning of OM maturation as humic acid occurs along with
the production of CO2 and other components, which turn the
environment acidic.55 The resulting solution significantly
affects nannofossil assemblages in two ways: dissolution and
overgrowth.
Possible fluid circulation in relation to tectonic activity

(folding and faulting) could also have been a factor in
nannofossil preservation. Fault systems act as a conduit for
meteoric water circulation. Meteoric water is always acidic and
oxidizing,55 which increases the chance of calcite dissolution
during OM maturation. The same reasoning applies to folding
with the associated joints being conduits for fluid circulation.

6. CONCLUSIONS
A total of 31 samples were investigated in order to determine
the nannofossil preservation, TOC, Rock-Eval, and organic
petrography. The nannofossils suffered intensive dissolution in
the middle parts of the cores and moderate to mild dissolution
at the bottom and top. The kerogen recovery was very good in
all the samples and predominantly comprised fluorescent
AOM with minor AL components. The FPI values were low in
most of samples, indicating that the oil shale was subjected to
thermal stress. Overall, the vast majority of the samples had
high TOC enrichment, with 29 samples exceeding values of
>10%. Some trends were apparent in comparing the
nannofossil preservation with the different geochemical
parameters, including poorly preserved nannofossils occurring
in samples with higher TOC contents and lower HI values, and
poorly preserved nannofossils occurring with low FPI values
and high HC maturity. The low FPI values and a higher level
of maturity were associated with poor nannofossil preservation,
suggesting that nannofossils, coupled with petrographic
analysis could be a rapid tool for estimating levels of oil
shale maturity. The nature of the tectonism in the area
(faulting, metamorphosed zone) enhanced the maturity and
significantly affected the nannofossil preservation.
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