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Oil Shale is well-known worldwide. The Jordanian "oil shale"
actually is not shale but rather bituminous carbonates, which are locally
referred to as oil shale. Thirty representative oil shale core samples are
collected from seven boreholes drilled in Attarat Um Ghudran (AUG)
in central Jordan. They are prepared, analyzed, and characterized using
X-ray fluorescence spectrometry (XRF). The organic matter content is
analyzed for organic carbon, elemental analysis, and Fischer assay.
Uranium (U) is determined by XRF attaining an average concentration
of 21.15 ppm. It varies from a minimum value of 12 ppm to a maximum
value of 34.2 ppm. The oil content values are in the range varying from
aminimum of 4.47% to a maximum of 12.20%, and the average content
of the whole deposit is 8.5%. The deposits have a hydrogen content of
4.09% and a nitrogen content of 1.84%. However, the sulfur content is
generally high with an average of 6.85%. In Jordan, the oil shale
deposits have a significant sulfur content ranging from 1.18% to 8.94%
by weight, which is higher than in many other oil shale deposits
worldwide. Moreover, the study discovers a positive correlation
between the total organic carbon content and U in Attarat Um Ghudran
deposits indicating that the organic matter is responsible for the
Uranium presence not related to the rock-forming minerals.
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Introduction

The oil shale is a sedimentary rock containing varying amounts of solid organic
substances, mainly kerogen that produces significant quantities of oil when heated to high
temperatures (Allaby, 2008). Oil shale deposits are found in many parts of the world including
the United States, China, Estonia, Brazil, and Jordan. (Cohen and Cohrssen, 2010).

Jordan has one of the largest oil shale reserves in the world estimated at over 70 billion
tons according to the Natural Resources Authority (NRA) of Jordan (Alali et al., 2019). As
stated by Ali Hussein (2014), the oil shale in Jordan is mainly bituminous limestones and marls,
although referred to as oil shale. Most of the oil shale reserves are located in central Jordan
(Fig. 1). The first oil shale working mine in Jordan is in the Attarat Um Ghudran area. The
Jordanian oil shale is mainly made of calcite, while the minor part is dolomite. Besides, there
are quartz, carbonate fluorapatite, pyrite, clay minerals (illite, kaolinite), and sulfur minerals,
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besides trace metals, which are associated with organic matters (e.g. Cr, V, Pb, U, Ni, Mo, Co,
Cd, Zn, and Ba) (Ibrahim and Jaber, 2007; Ibrahim et al., 2018). These trace metals are present
at higher concentrations than normal (Hamarneh, 1998; Abed et al., 2009, Ibrahim and Abdel
Rahman, 2023). Exploiting Jordan's oil shale resources has the potential to create a reliable
energy source and decrease the country's dependence on imported energy. The International
Energy Agency (IEA) predicts that by 2030, Jordan'’s oil shale production could produce 50,000
barrels per day, meeting about 20% of the country's energy requirements (IEA, 2015). However,
oil shale exploitation in Jordan faces significant challenges such as environmental, social,
technical, and economic concerns. The production of shale oil necessitates considerable water
and energy usage, and processing oil shale can lead to significant greenhouse gas emissions
that contribute to climate change. In addition, mining and processing oil shale could adversely
impact local communities leading to displacement of residents and environmental damage
(Alali et al., 2018).

Uranium as a chemical element with atomic number 92 is a silvery-white metal. Uranium
is a radioactive element, and it has several naturally occurring isotopes (or radionuclides). The
most encountered uranium isotopes are uranium-238 (U-238) constituting approximately
99.3%; and uranium-235 (U-235) comprising about 0.7%, along with a much smaller amount
of uranium-234 (U-234). Uranium occurs naturally in low concentrations of a few parts per
million in soil, rock, and water, and is commercially extracted from uranium-bearing minerals
such as uraninite (Encyclopedia Britannica, 2023). Uranium is also the highest-numbered
element to be found naturally in significant quantities on Earth and is almost always found
combined with other elements (Hammond, 2000).

The geological setting of the Attarat Um Ghudran area is dominated by the widespread
deposition of carbonates in the late Cretaceous succession represented by the Balga Group. This
group (Cretaceous-Tertiary rocks) consists of a well-exposed sequence of carbonate, chert, and
phosphate rocks. They cover a large area inside and close to the Attarat Um Ghudran area
(Madanat et al., 2009, Jaber et al., 2011).

Attarat Um Ghudran oil shale is geologically classified as marlstone because of the large
percentage of carbonate (Ghannam and Roussan, 2007). The rocks are mainly limestone and
marlstone in which the organic matter is heterogeneous and finely dispersed in the rock (Jaber
etal., 2011).

The Attarat Um Ghudran oil shale deposit is located 50 km east of the village of Al
Qatrana, which is itself located 70 km south of Amman at the main desert highway between
Amman and Agaba. The study area and the distribution of the boreholes are illustrated in Figure

(2).
This study focuses on the organic geochemistry of oil shale in Attarat Um Ghudran. There
are few investigations on the distribution characteristics of U in the Jordanian oil shale. This

work aims to investigate the organic geochemistry of the Jordanian oil shale in central Jordan
and to explore the vertical and spatial distribution of U in the area.
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Fig. 1. Location map of selected oil shale deposits in central Jordan (Ali Hussien, 2014).
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Thickness (m) Total
Borehole
depth (m)
No. OB Oil shale AHP

OB
QC-01 61 35 QC-01 61
QC-02 70 30 QC-02 70
QC-03 88 23 QC-03 88
QC-04 64 36 QC-04 64
QC-05 67 33 QC-05 67
QC-22 61 37 QC-22 61
QC-30 88.5 46.5 QC-30 885

Fig. 2. Distribution of boreholes and exploration data (Abdel-Rahman, 2018, Ibrahim and Abdel
Rahman, 2023) (AHP: Al Hasa Phosphorite Formation, OB: overburden).

Materials and Methods

30 samples from seven boreholes are provided by the Qamar for Energy and Infrastructure
Ltd. Co. (QEI). The samples represent core samples from different depths. The oil shale samples
are crushed and pulverized to the desired size in the laboratories of Hashemite University. The
following analysis and studies (XRF, CHNS- Analyser, Fischer assay, and total organic carbon,
TOC) are conducted following the standard methods described by Giilamber et al. (2019).

For the (XRF) analysis of U concentrations (ppm) in samples, a pressed powder pellet
technology is employed for the full range of elements; they are prepared and analyzed in the
labs of the Jordan Atomic Energy Commission using the S4 Pioneer Spectrometer by Bruker
AXS GmbH. It is equipped with an X-ray tube featuring a rhodium anode operating at 3 kW.
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Geochemical data for U are presented as colored maps within the ArcGIS software by
converting digitizing and geo-referencing the study area map to raster data.

The Fischer assay is a standardized laboratory test for determining the oil yield from oil
shale to be expected from a conventional shale oil extraction (Dyni, 2006). Oil shale samples
have been tested for their oil shale retorting properties using the Fischer assay as described by
Gulamber et al. (2019).

CHNS-Elemental Analyser dedicated to the simultaneous determination of the percentage
amount of carbon, hydrogen, nitrogen, and sulfur. The sample is weighed in milligrams housed
in a tin capsule and dropped into a quartz tube at 1020°C with constant helium flow (carrier
gas). The main apparatus is the EuroEA3000 series. The elemental analyzer is available at the
Ministry of Energy and Mineral Resources.

The total organic carbon content is determined by the Ministry of Energy and Mineral
Resources. The sample is weighed in milligrams and used for this analysis. Carbonate is
removed by treatment with 10% dilute hydrochloric acid. TOC content is determined in the
samples using the elemental analyzer. Organic carbon is obtained by the difference between
total carbon determined and inorganic carbon determined by the reaction with hydrochloric acid
(Patterson et al., 1987).

The calorific value is identified as the heating value, using the equation as in Pahari and
Chauhan, (2006). Water content (moisture) is determined and calculated following the ASTM
(2023).

Results
1-Uranium

In the studied oil shale, uranium varies from a minimum value of 12 ppm to a maximum
value of 34.2 ppm. The highest average is noticed in borehole QC-02, whereas the lowest
average is reported in boreholes QC-04, QC-22, and QC-30 (Table 1). The average U in all
samples is 21.15 ppm, which is lower than the average U in the Sultani and Allujun oil shale in
Jordan (Table 2). Oil shale deposits with significant U content have also been identified in other
regions of the world, for example, in Estonia, where the uranium concentration in oil shale has
been reported to be around 30 ppm (Kruusement et al., 2008). In Jordan, some oil shale deposits
have been found to contain up to 100 ppm of uranium (Alali et al., 2013). In Australia, the
uranium concentration in oil shale from the Julia Creek deposit has been reported to range from
6 to 10 ppm (Radke et al., 2005). U can be found in oil shale; it is typically present in low
concentrations and there are numerous technical and environmental challenges associated with
extracting and utilizing the uranium resources (Al-Aasm et al., 2004).
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Table 1: Concentration of U element in the boreholes.

and

Hanan B. Abdel Rahman

1D Depth (m) U (ppm) 1D Depth (m) U (ppm)
QC-01 84-87 12.1 QC-04 91-94 12
QC-01 87-90 17.6 QC-04 94-97 18.6
QC-01 90-93 26.4 QC-04 97-100 12
QC-01 93-96 12 QC-04 100-102 225
QC-01 96-99 12.2 Average 16.3
QC-01 99-102 12
Average 15.4 QC-05 91-94 12.1
QC-05 94-97 12
QC-02 85-88 12 QC-05 97-100 12
QC-02 88-91 12.1 QC-05 100- 102 12.2
QC-02 91-94 34.2 Average 12.1
QC-02 94-97 17.6
QC-02 97-100 16.6 QC-22 88-91 12
QC-02 100- 102 12.2 QC-22 91-94 12.1
Average 175 QC-22 94-97 12.1
QC-22 97-100 12
QC-03 91-93 12 Average 12.1
QC-03 96-99 15.7
QC-03 93-96 12.3 QC-30 90-93 12
QC-03 99-102 13 QC-30 93-96 12.1
Average 13.3 Average 12.1
min 12 max 34.2

Table 2: Uranium in oil shale deposits in Jordan.

Attarat Um Ghudran
U (ppm) L 2 3
21.15 34 21 25 29
1 This study, 2 Jaber and Ibrahim (2011); ® Voolma et al (2016);* Hamarneh (1998); ° El-Hasan (2008)

Sultani* Allujun®

1.1 Vertical variation of U

The vertical variation of U in Attarat Um Ghudran boreholes is presented in Figure (3).
In borehole QC-01, U concentrations increase with depth from 12 ppm at a depth of 84 m to
26.4 ppm at a depth of 93 m. With a depth deeper than 93 m, the concentration of U is 12 ppm.
The average concentration of U in borehole QC-01 is 22 ppm. At depth 91- 94 m, U is of
significant concentration of 34.2 ppm in borehole QC-02 with the highest concentration in the
study area, the highest average of U is noticed in borehole QC-02 is 23 ppm. The maximum
value of 15.7 ppm in borehole QC-03 is noticed at depths between 96- 99 m, the average
concentration in borehole QC-03 is 16 ppm. The average concentration of U in borehole QC-
04 is 21 ppm, it varies from a minimum value of 12 ppm to a maximum value of 22.5 ppm at
depths of 100 to 102 m. The average concentration of U in borehole QC-05, borehole QC-22,
and borehole QC-30 is around 12 ppm.
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Fig. 3. Vertical variation of U in AUG boreholes.
1.2 Spatial variation of U

The geochemical distribution map for the average U in the study area is presented in
Figure (4). The geochemical map derived for U concentration indicates that uranium is
relatively dominant in the southern region and the eastern region. Whereas in northern regions,
U concentration is characterized by lower values of uranium. However, the central portion is
marked by a relatively moderate concentration of uranium.
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Fig. 4. Geochemical maps of the study area of the average uranium concentration.
2 -Organic Geochemistry
2.1 Oil content analysis

Selected core samples of oil shale within the study area are identified for organic
geochemical analyses. Table (3) summarizes the results of the weighted average composition
of the oil yield, gas loss, and spent shale (as wt. %). It is found that the oil content in the deposit
varies from a minimum value of 4.47 % to a maximum value of 12.20 %, and the average
content of the whole deposit of the study area is 8.5 %. The highest oil content is found in
borehole QC-02, which is 12.2 %. A standard technique for determining the amount of oil that
can be extracted from organic material in oil shale is to analyze its oil content. This involves
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measuring the quantity of kerogen present in the shale, which serves as a precursor to oil
(Speight, 2016). Except for oil shale samples obtained from (QC — 22 and QC-30), the average
oil weighted average amount of gas yield is 3.34 %. The highest gas loss in borehole QC-02 is
4.48 % and the lowest gas loss in borehole QC-22 is 1.65 %. The weighted average amount of
water yield is 1.85%, the highest average water yield is noticed in borehole QC-04, whereas the
lowest average is reported in borehole QC-22 and is 1.3 %. Spent shale is the term used to
describe the remaining material after shale oil has been extracted from oil shale. It can also be
referred to as spent oil shale or oil shale ash. This material is generally composed of fine
particles with a high mineral content and low organic matter (ASTM D3908-19, 2019). The
average amount of spent shale yield in the study area is 86.43 %, and the highest average of
spent shale is noticed in borehole QC -22, and the lowest average of spent shale is noticed in
borehole QC -02. The percentage of spent oil depends on the extraction process used, there are
some general benefits of spent oil shale such as the utilization of spent oil shale can aid in the
remediation of polluted sites by serving as a means to absorb heavy metals from contaminated
soil or water (Ucar et al., 2016). The utilization of spent oil shale has been shown to have
benefits in the reclamation of land that has been previously used for mining activities. It can act
as a valuable soil amendment, enhancing both soil fertility and structure (Zhang et al., 2019),
also spent oil shale's high mineral content makes it a viable material for use in construction
applications, such as bricks and cement (Liu et al., 2019).

Table 3: Fischer assay data of Attarat Um Ghudran oil shale.

Boreholes Water wt.% Oil wt.% Spent shale wt.% Gas loss wt.%
QC-01 15 9.1 85.9 3.5
QC-02 2.2 12.2 81.1 45
QC-03 1.9 9.3 85.8 3.0
QC-04 2.3 7.7 87.6 2.4
QC-05 1.9 9.8 82.7 5.7

QC-22 1.3 44 92.7 1.7
QC-30 1.9 6.7 88.8 2.7
Average 1.9 8.5 86.4 34

Table (4) represents the average component of Fischer assay results for oil shale in the
world compared to the oil shale in the study area. The result of the Fischer assay in Attarat Um
Ghudran is within the range of the result of the Fischer assay in the world, although oil content
in the study area is higher than in China and Brazil.

Table 4: Comparison of properties of world oil shale deposits to Jordanian oil shale (Besieso, 2007).

280

Locality Water wt.% Oil wt.% Spent shale wt.% Gas loss wt.%
USA 1.4 10.4 86.7 25
Brazil 1.2 6.9 83.6 3.7
Estonia 1.9 22.0 70.5 5.6
China 3.2 7.3 80.6 3.9
Jordan (Allujun) 1.4 10.1 80.8 3.7
AUG** Study area 1.9 8.5 86.4 34

2.2 Association between oil yields with U

The extraction of oil from oil shale is commonly referred to as oil yield. Recent research
has shown that the uranium content of oil shale is directly linked to its oil yield. For example,
a study by Hu et al. (2021) conducted on oil shale deposits in the Qingshankou Formation of
the Songliao Basin in China found a positive correlation between the uranium content of the oil
shale and its oil yield. The correlation was more pronounced in regions with higher thermal
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maturity. Similarly, Huang et al. (2015) reported a positive relationship between uranium
content and oil yield in their study of oil shale samples from northeastern China. They suggested
that clay minerals, which are known to adsorb organic matter and uranium, could be responsible
for this relationship. Considering the relationship between uranium and oil yield in oil shale is
therefore crucial (Fig 5).

The concentration of uranium (U) in oil shale does not necessarily eliminate the extraction
of organic matter; however, it significantly impacts the efficiency and economic aspects of the
extraction process. The interplay between uranium concentration and oil yield in oil shale is
intricate and subject to variation due to numerous factors. Uranium can form associations with
organic matter within oil shale, potentially affecting the efficiency of organic matter extraction
during retorting or pyrolysis processes. Elevated uranium concentrations could lead to
increased energy consumption and operational challenges during the extraction process (Dyni,
2010). Additionally, higher uranium content in oil shale can pose environmental issues due to
the radioactivity of uranium. Managing and disposing of oil shale with high uranium content
may require extra care and compliance with specific geological regulations (Dyni, 2010). To
address these challenges, scientists and engineers have explored various technological solutions
including shale pre-treatment, optimization of processing conditions, and the development of
uranium recovery methods (Hutton, 1978).
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Fig. 5. Binary variation diagram between U and oil yield.
3- Oil Shale Elemental Analysis

The elemental analysis data of the studied oil shale borehole samples are given in Table
(5). The average value of total carbon in all samples is 46.83 %, it varies from a minimum of
15.13 % to a maximum of 59.97 %. The average of organic carbon in all samples is 12.75 %, it
varies from a minimum of 3.02 % to a maximum of 18.89 %. The average of inorganic carbon
in all samples is 34.07 % and it varies from a minimum of 12.15% to a maximum of 41.08 %.
The highest average of the total carbon is noticed in borehole QC-02, whereas the lowest
average is noticed in borehole QC-30 in the study area, also the highest organic carbon is
noticed in borehole QC-02, whereas the lowest value is noticed in borehole QC-30. The highest
average of inorganic carbon is noticed in borehole QC-02, whereas the lowest average is noticed
in borehole QC-30 in the study area.
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Table 5: Elemental analysis, calorific value, and moisture result.
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Borehole ID QC-01 QC-02 QC-03 QC-04 QC-05 QC-22 QC-30 Average
Organic carbon (Wt.%) 10.49 18.89 18.87 12.84 11.37 13.8 3.02 12.75
Inorganic carbon (Wt.%) 36.29 41.08 39.12 34.12 42.27 33.49 12.15 34.07
Total carbon (Wt.%) 46.78 59.97 57.99 46.96 53.64 47.29 15.17 46.83
Hydrogen (Wt.%) 4.42 4.85 4.84 4.16 5.18 4.24 0.97 4.09
Nitrogen (wt.%) 1.87 1.81 1.94 1.75 2.1 172 1.66 1.84
Sulfur (Wt.%) 7.21 8.94 7.84 6.63 8.67 7.29 1.18 6.82

Calorific value (Kcal/Kg) 1335.6 2388.4 2414.6 1633.9 1451.1 1785.2 3335 1620.35
Moisture % 0.83 057 161 0.75 0.73 1.15 0.81 0.92

The relationship between organic carbon content and uranium in oil shale is generally
positive, with higher organic carbon content leading to higher uranium concentrations as
exhibited in Figure (6).

18 f(x) =0.3938x + 11.834
R?=0.1806

2 4 6 8 10 12 14 16 18 20

Organic carbon (wt. %)

Fig. 6. Binary variation diagram between the organic carbon content and uranium.

The association between organic carbon content and uranium is attributed to the extensive
high surface area of the organic matter, which provides numerous sites for uranium adsorption
(Islam et al., 2015), where the organic matter adsorbed the uranium through a mechanism of
surface complexation (Dang et al., 2016). Numerous studies have established a positive
correlation between uranium and organic carbon content in sedimentary rocks. For instance,
Michalik et al. (2011) discovered a strong correlation between uranium content and total
organic carbon content in sedimentary rocks from the Kupferschiefer black shale of Poland.
Similarly, Hu et al. (2015) found a positive correlation between uranium and total organic
carbon content in sedimentary rocks from the Athabasca Basin, a significant uranium-
producing region in Canada. However, the presence of sulfides is an additional factor that
should be taken into consideration as it can act as a reducing agent, impacting the mobility of
uranium in the sedimentary environment and subsequently affecting the relationship between
uranium and organic carbon content.

The total sulfur varies between a minimum value of 1.18 % to a maximum value of 8.94
% and is noticed in borehole QC-02 with an average of 6.82 wt. %. According to a study by
Alali et al. (2018), the sulfur content in Jordanian oil shale ranges from 0.54% to 4.1 % by
weight with an average of 1.6 %. Similarly, a study by Al-Harahsheh et al. (2015) reported
sulfur content in Jordanian oil shale in the range of 0.9 % to 3.3 % by weight, with an average
of 1.7 %. In another study, Wang et al. (2019) reported sulfur content in Chinese oil shale in
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the range of 0.36 % to 7.2 % by weight with an average of 2.9 %. A study by Tiikma et al.
(2018) reported sulfur content in Estonian oil shale in the range of 2.2 % to 3.6 % by weight,
so sulfur in the AUG study area is very high. The relationship between sulfur content and
uranium in oil shale is generally positive (Fig. 7).
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Fig. 7. Binary variation diagram between Sulfur and Uranium.

The average nitrogen in all samples is 1.84 %; its value varies from a minimum of 1.66%
to a maximum of 2.1 %. U shows a negative insignificant correlation with Nitrogen as in Figure
(8). The average of hydrogen in all samples is 4.09%; its value ranges from a minimum of 0.97
to a maximum of 5.18 %. There is an insignificant relationship between Uranium with
hydrogen, with a positive trend in a scatter plot of U with Hydrogen (Fig. 9).
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Fig. 8. Binary variation diagram between Nitrogen and Uranium.
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Fig. 9. Binary variation diagram between Hydrogen and Uranium.
4- Calorific Value

Calorific value is referred to as the heating value during the combustion of a unit weight
of oil shale. It is an important parameter of oil shale quality (Li et al., 1998; Dawei et al., 2015).
The calorific value results have indicated an average heating value of 1620.35 Kcal / Kg. As
can be seen from Table (6), the calorific value of oil shale samples varies from a minimum of
333.48 to a maximum of 2388.44 Kcal/ Kg. Accordingly; we have calculated oil content based
on the calorific value results with average oil content of 8.5%. The Attarat Um Ghudran oil
shale deposit is considered a high grade in terms of oil yield and calorific value (Jaber et al.,
2011). The calorific value of oil shale is a crucial parameter that determines its efficiency as a
fuel and can be used to assess the potential of oil shale deposits for energy production. However,
this value can vary greatly due to factors such as the shale's organic and mineral composition,
as well as its geological source (Tefanova et al., 2015). Except for oil shale samples obtained
from (QC-22 and QC-30), the average oil yield is 9.62 %, these results indicate that oil content
and heating value is very high. The relationship between gross calorific value, which is the most
important factor when burning oil shale (Jaber et al., 2011), and each of carbon, hydrogen,
oxygen, and sulfur, is due to the following formula to calculate calorific value:

Kcal
Kg

Cross Calorific value = — [8080 « C + 34500 [H - g] + 22408 * s],
Chauhan, 2006).

Calorific value, oil yield, organic carbon, and uranium of oil shale.

(Pahari and

Seven boreholes were drilled in the Attarat Um Ghudran oil shale deposit. According to
(Jaber et al., 2011), the most significant values are:

-Calorific Value

-The oil yield, which determines the economics of the oil shale deposit: Fig. 10 and Fig.
11 show a relationship between calorific value and oil yield, organic carbon, and oil yield.

The linear relationship between calorific value and oil yield is exhibited in Figure (10),
and the study also indicates that the calorific value of oil shale generally increases with
increasing organic content and decreasing ash content (Saidi et al., 2013).
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Fig. 10. Binary variation diagram between Calorific value and oil yield.

A linear relationship between organic carbon and oil yield is exhibited in Figure (11). The
relationship between organic carbon content and oil yield in oil shale from a study by Bao et
al. (2019) is positive, that the oil yield increased as the organic carbon content increased up to
a certain threshold, beyond which the yield leveled off. The researchers suggested that the
saturation of available hydrocarbon-generating sites in the organic matter is responsible for this

plateauing effect.
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Fig. 11. Binary variation diagram between organic carbon and oil yield.
Conclusion

The Attarat Um Ghudran area in central Jordan is dominated by widespread deposition
of marine carbonates, in parts enriched with organic matter forming oil shale deposits. The oil
shale contains insignificant amounts of uranium. It is indicated that uranium content is
irregularly distributed in space and time. The obtained results indicate that the Jordanian oil
shale has a high oil content.
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Results indicate that uranium is associated with organic carbon, this is most probably due
to the extensive large surface area of organic matter, which created numerous sites for uranium
adsorption. The study found a positive correlation between uranium and total organic carbon
content in the deposits.

Sulfur content in the oil shale is generally high ranging from 1.18% to 8.94% by weight.
This is higher than the sulfur content in many other oil shale deposits around the world.

The study relied on the average content of uranium and organic matter in the raw material
for mining purposes without analyzing the lateral changes at the formation level. More detailed
studies could contribute to understanding the relationships between the components, and the
current study recommends further research in this regard.
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