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 Commercial oil shale is widespread in Jordan occurring mostly in the 

subsurface. More than 20 localities were reported including Attarat Umm 

Ghudran (AUM) area. Selected oil shale boreholes drilled in the AUM 

were sampled, analysed and studied in detail. The purpose is to verify 

their mineralogical composition and geochemical affinities including trace 

elements content. They were characterized using the polarizing 

microscopic, X-ray diffraction (XRD), scanning electron microscopy, and 

X-ray fluorescence spectrometry. Petrographically, the studied oil shale 

consists of bioclastic mudstone-wackestone, bioclastic packstone and 

foraminiferal grainstone. The XRD indicates that calcite is the dominant 

mineral with subordinate quartz. This was emphasized by chemical 

analysis. The average CaO is 31.03 wt.% followed by SiO2 which makes 

an average of 16.7 wt.%. The average content of SO3, Al2O3 and P2O5 is 

2.69%, 2.25% and 2.1% respectively. Cluster analysis and correlation 

matrix were calculated for the major and trace element. The cluster 

analysis subdivided the elements into three group; including a carbonate 

group, an aluminosilicate group and a phosphate-sulfide group. In general, 

the studied oil shale is enriched in Zn, Sr, Cr, V, Ni, Zr, Cu, Mn, Rb and 

U. Uranium attains an average concentration of 21.15 ppm. Chemical 

composition results were compared with other localities. It was concluded 

that the enrichment is the result of the euxinic depositional environment, 

where they would co-precipitate mainly as sulfide minerals. The heavy 

metals in the oil shale are redox sensitive elements and are related to 

Mississippi Valley-type deposits. 

 

 

 

   

 

This work is licensed under a Creative Commons Attribution Non-Commercial 4.0 

International License. 

 

 

1. INTRODUCTION 

Oil shale is a sedimentary rock containing varying amounts of kerogen that produces significant quantities 

of shale oil when heated to high temperatures, which was classified oil shale into three groups based upon 

their environment of deposition [1]. Marine oil shale is one of these groups, which consist of tasmanite and 

marinite. In general, the mineral composition of oil shale is carbonate, including calcite, with lesser 

amounts of aluminosilicate minerals [2]. Oil shale is often enriched with heavy metals such As, Cd, Mn, 

Mo, Se, Cr, Zn, Ni and V [3], [4]. 
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Jordan now is ranked as the world’s fourth country with its oil shale resource. The oil shale in Jordan was 

reported in more than 20 localities [5]. It is marinite type deposited during the Late Cretaceous to Early 

Eocene [6]. The organic matter of the Jordanian oil shale is amorphous kerogen, which has been produced 

from marine planktonic organisms by bacterial degradation, and the product of its fossilization. Attarat 

Umm Ghudran (AUG) is an important locality among the three major deposits occurring in central Jordan 

(Figure 1) [7]. 

 

 
Figure 1. Location map of major oil shale deposits in central Jordan [5] 

 

1.1 Geological setting 

The AUG oil shale deposit is located in central Jordan, about 70 km south of Amman (Figure 1). The 

expected area of the whole AUG oil shale deposit is about 200 km2. The geological setting of central Jordan 

is dominated by widespread deposition of thick marine carbonates and associated lithologies represented by 

the Late Cretaceous- Paleogene Balqa’ Group [8]. The sedimentation during that time interval took place on 

a broad, shallow shelf that covered the northern edge of the Arabian Plate [8]. Central Jordan is faulted and 

transacted by the Swiaqa Faults system (Figure 1), which is an EW-trending strike-slip fault with a dextral 

movement [9]. 

 

The AUG oil shale is mainly marly limestone to chalky marl in which the organic matter is finely dispersed 
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in the rock [10]. The oil shale is rather homogenous grey-, black-, brownish- grey-colored succession of 

laminated kerogen-bearing carbonate rocks [11]. As summarized in Table 1, thickness of the oil shale 

within the study area varies from 23 m to about 46.5 m. The oil shale occurs in the subsurface, where the 

overburden is between 61 m and 88.5 m. 

 

Table 1. Borehole data. 

Borehole Thickness (m) Total depth (m) 

 Overburden  Oil shale AHP1  

QC-30 88.5 46.5 10 145 

QC-01 61 35 6 102 

QC-02 70 30 2 102 

QC-03 88 23 3 114 

QC-04 64 36 3 103 

QC-05 67 33 3 103 

QC-22 61 37 2 100 
1AHP: Al Hasa Phosphorite Formation, underlaying unit. 

 

The AUG area is under thorough and detailed exploration work [12]. In the western part of the AUG oil 

shale deposit, the Al- Qamar for Energy and Infrastructure Ltd. Co. (QEI) was assigned 64 km2 area to 

conduct an exploration program. Therefore, a drilling campaign was conducted to study the subsurface 

geology including overburden thickness and distribution, oil shale thickness and distribution. Seven 

boreholes were used in this study as in Table 1. 

 

2. Materials and Methods 

Thirty core samples of the oil shale from the seven boreholes were provided by the QEI. Oil shale samples 

were crushed and pulverized to the desired size in the laboratories of the Hashemite University. The 

samples have been subjected to different kinds of testing and analyses following the standard methods [13].  

 

The XRF was used to measure major (wt. %) and trace (ppm) elemental concentrations directly from 

samples. Thus, pressed powder pellet technology was used for the whole range of elements. The XRF 

analysis was conducted at the Jordan Atomic Energy Commission with the S4 Pioneer Spectrometer 

(Bruker AXS GmbH), using an X-ray tube with a rhodium anode, which operated with a power of 3 kW. 

Loss on ignition was determined from 1 g of sample material at 920 °C. The petrography and mineralogy 

were determined using polarizing microscope, scanning electron microscope SEM-EDX and powder X-ray 

diffraction (XRD). 

 

[14], [15] classifications were used in the petrographical studies. Microfacies types for the studied thin 

sections were compared with standard microfacies zones to determine the depositional environment [16]. 

 

For the petrographic study, representative number of thin sections were prepared using standard methods. 

Half of each thin section was stained with the Alizarin Red Solution (ARS), and the whole section was 

stained with blue dye.  The microscopic investigation and imaging have been performed using a Nikon 

ECLIPSE LV100POL polarising light microscope attached with a Nikon DS-Ri2 camera to examine the 

mineral composition, lithofacies and diagenetic features. 

 

The morphology of oil shale was examined by scanning electron microscopy using model Quanta 600, FEI 

SEM. The XRD analysis was carried out on the same samples at the Hashemite University labs. This 

technique allows the determination of the mineral constituents, using Shimadzu X-ray diffractometer 
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(MAXima XRD-7000) equipped with a Cu-target tube and a curved graphite monochromator. The XRD 

pattern was recorded over a 2-theta interval of 5–40 degree. 

 

Geochemical data were presented as colored maps within the ArcGIS software by converting and digitizing 

and georeferencing the study area map to raster data, then geostatistical tools (kriging and natural 

neighbour) were used to create distribution map for the analysed components. The concentration was 

represented as color codes and contour line. Statistical method was used to generate scatter plots and carry 

out correlation matrix and cluster analysis. The statistical significance was computed using XLSTAT 2018 

software. 

 

3. Results and Discussion 

 

3.1 Petrography 

Petrographic investigation indicates that the oil shale samples are made of different types of clasts 

embedded in organic matter-rich carbonate matrix and calcite cement. The microcrystalline calcite matrix 

"micrite" is prevalent in all thin sections. Clasts in the Eocene oil shales from Jordan were subdivided into 

skeletal and non-skeletal types [6]. This seems applicable for the AUG oil shale. The content of skeletal and 

non-skeletal clasts in the studied thin sections range from 10% to 40%, mainly composed of calcite and 

organic matter filling pore space in addition to authigenic quartz, phosphate and opaque minerals. This 

result resembles that reported by previous works which indicated skeleton debris between 10–50% [11]. 

 

In the studied samples, skeletal fossil fragments include mainly benthic and planktonic foraminifera 

microfossils (Figure 2). The non-skeletal grains include pelloids, which are small, sorted, and rounded 

clasts made of micrite (Figure 2). Organic matter is the dark brown- to light-brown- colored material 

confined to the matrix in Figure 2. 

 

The foraminiferal tests and fragments are abundant as illustrated in Figure 2. They vary in sizes from less 

than 20 micron up to 0.45 mm. Size range for shells from 0.005–0.2 mm, randomly up to 2 mm have been 

reported. The shell walls composed of microsparite, and the shell chambers are either empty or filled by 

microsparite or micrite. 

 

Skeletal bone fragments are less abundances. They show elongated and branching shapes, some of them are 

fractured and with perforations. The bones are composed of apatite. Irregular shape collophane clasts are 

less abundance. They have colorless-yellowish color in PPL view and are isotropic in XPL view. Apatite 

clasts are bind together by a massive micrite that is greatly mixed with organic matter and iron oxides 

forming the matrix of the rock. 

 

In general, samples show massive texture without any sedimentary fabric; the grains are embedded within 

the matrix without any preferred orientation (Figure 2a, 2b, 2d). However, the rock sometimes exhibits 

prominent preferred orientation of grains and matrix material in one direction giving the rocks its 

lamination as in Figure 2. 

 

Based on the microfacies models [17], the studied oil shale samples consist of bioclastic mudstone-

wackestone (Figure 2c and 2d), bioclastic packstone (Figure 2b) and foraminiferal grainstone (Figure 2a). 
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Figure 2. Photomicrographs of the studied oil shale samples shows skeletal fossil fragments consist of 

benthic and planktonic foraminiferal tests embedded in the organic matter matrix. 

 

3.2 Mineralogy 

XRD results indicate that the mineralogy of the AUM oil shale is uniform in all boreholes. Calcite is the 

primary component exists in all samples (Figure 3). The oil shale is also rich in the mineral quartz. Minor 

minerals include apatite and clay minerals. Dolomite has also been found in some of the oil shale samples at 

specific intervals. Similar results were reported earlier for the AUG [10], [11]. 

 

Results of the SEM-EDX is shown Figure 4. It clearly indicates presence of predominant carbonate phase in 

form of calcite with CaO =47.97 % followed by silica (10.04 %) mainly as free silica, sulfate/sulfide phase 

(SO3 = 7.31 %), phosphate (P2O3 = 1.9 %) and clays (Al2O3 = 1.1 %). The organic matter rich matrix is 

abundant with dark tones and massive texture. The organic matter rich matrix is abundant with dark tones 

and massive texture. The morphology shows wide range in particle size, the crystal habit exhibits moderate 

roundness and low sphericity. 
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Figure 3. X-ray diffractogram of the oil shale. 

 

 
Figure 4. SEM-EDX of the oil shale, shows the main chemical components. 

 

3.3 Statistical Analysis 

3.3.1 Cluster analyses 
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The cluster analysis subdivided the analysed elements into three clusters which are carbonate group; iron-

aluminosilicate group; and phosphate-sulfide group. The dendrogram which shows dissimilarities 

percentage among elements in the geochemical data is illustrated in Figure 5. The carbonate group (CaO-Sr, 

Th-Y, Mn-Rb, and Ba) has > 60% similarity compared with the >72 similarity in the iron-aluminosilicate 

cluster (SiO2, Al2O3, Na2O, K2O, MgO, TiO2, Fe2O3, Cr and Cu); and > 68 similarity in the phosphate-

sulfide cluster (P2O5, SO3, V, Zn, U, Ni and Zr). 

 

 
Figure 5. Dendrogram shows results of cluster analysis. 

 

In details, within the carbonate cluster, CaO and Sr are strongly associated at 86% similarity, but the Mn - 

Rb remains the strongest association at 87% similarity, whereas 85% similarity is between Th and Y. And 

80% similarity is between (Th, Y) and Ba. The close association of the said elements with Ca is most 

probably due to incorporation within the carbonate mineral phases. Either substituting Ca within calcite or 

forming their own carbonate minerals. Sr in sedimentary rocks is predominantly found in carbonate rocks 

composed of calcite, aragonite and/or dolomite [18]. It was indicated that Sr can replace Ca in any 

proportion and there is a continuous solid-solution series [19]. Whereas for Mn is absorbed by marine algae, 

with subsequent organic decay in the sediment producing alkaline and reducing porewaters that may have 

resulted in formation of MnCO3 [20]. The Mn-carbonate (rhodochrosite) interbedded with Mn-bearing 

shale, both having a high organic carbon content and abundant pyrite was reported elsewhere [21]. 

 

Within the Fe-aluminosilicate cluster, Fe2O3 shows almost the strongest similarity with TiO2 at 99%. This is 

followed by Fe2O3-TiO2 with Al2O3 at 97% similarity, and by Cr with Cu at similarity 95%. On the other 

hand, a strong similarity is noted between SiO2 and K2O equal to 95%, followed by SiO2 - K2O and Na2O 

with a similarity of 90%. They most probably originate from clay minerals, which are also supported by the 

occurrence of kaolinite and illite [22]. In Al Lajjun oil shale area, elements clustered in the Al-group were 
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conceded as detrital elements, whereas the non-Al group elements were considered as hydrogenous 

elements [38]. 

 

The similarity of P2O5 with SO3 is 80%. Within this group the highest similarity is between Ni and Zr reach 

90%, followed by between V and Zn at 89% and between Ni -Zr and U at 85%. All those trace elements are 

normally related to phosphate-sulfide group. 

 

3.3.2 Correlation coefficient matrix 

A correlation matrix was calculated for the major and trace element. The correlation coefficient matrix is 

shown in Figure 6. SiO2 shows strongly negative correlation with CaO (r = -0.9), but it shows strongly 

positive correlation with K2O (r = 0.85). Further SiO2 exhibits good correlation with Na2O (r = 0.7), Al2O3 

(r = 0.69), TiO2 (r = 0.65), and Zr (r = 0.64). 

 

In addition to SiO2, CaO also is negatively correlated with many elements including K2O (r = -0.8), Al2O3 (r 

= -0.77), Cr (r = -0.78), TiO2 (r = -0.747), Fe2O3 (r = -0.67), and Zr (r = -0.64). Al2O3 shows strongly 

positive correlation with TiO2, Fe2O3 and Cr (r = 0.94, 0.91 and 0.83) respectively. And positive 

correlations exist between Al2O3- MgO (r = 0.67) and Cu (r =.0.67). Fe2O3 shows strongly positive 

correlation with TiO2 (r = 0.97) and Cr(r = 0.85), also good correlation is between Fe2O3 - Cu (r = 0.79), 

Fe2O3 - MgO (r = 0.66), and Fe2O3 - Mn (r = 0.65). Positive correlation is evident between K2O and each of 

Al2O3 (r = 0.85), TiO2 (r = 0.83), Fe2O3 (r = 0.77), Cr (r = 0.71), Na2O (r = 0.72), MgO (r = 0.64), Zr (r = 

0.65). 

 

 
Figure 6. Correlation coefficient matrix of the major, minor trace elements. 
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3.4 Geochemistry of major oxides 

3.4.1 CaO 

The first most abundant element in the studied AUG oil shale samples is CaO. As it can be noted in Table 2, 

the oil shale has an average CaO equal to 31.03%. It is slightly higher than the average CaO reported for the 

oil shale deposits in al Lajjun and Sultani areas as in Table 3 [38], [39]. However, it is still lower than the 

average CaO reported earlier from AUG oil shale [7], [10]. The spatial distribution of the average CaO in 

the study area is shown in Figure 7A. High concentrations of average CaO content are observed in the north 

and northwest. It decreases southwards. The central area shows low to moderate concentrations. Vertical 

variation in CaO content is minimal apart from cases reported in few boreholes. 

 

Table 2. Summary statistics of the chemical analysis of the studied oil shale samples. 

Major Oxides (%) Minimum Maximum Mean Std. deviation 

CaO 17.54 50.46 31.03 7.72 

SiO2 4.43 35.86 16.75 7.63 

Al2O3 0.59 4.04 2.25 0.97 

SO3 0.82 5.67 2.69 0.95 

P2O5 0.64 5.00 2.12 0.94 

Fe2O3 0.32 1.97 0.96 0.40 

MgO 0.33 0.85 0.55 0.14 

Na2O 0.05 1.00 0.29 0.20 

K2O 0.01 0.57 0.17 0.17 

TiO2 0.03 0.27 0.12 0.06 

LOI 35.30 48.03 42.66  

Trace Elements (ppm)     

Zn 307 2180 1105 480.72 

Sr 499 1149 786 145.57 

Cr 247 611 406 92.57 

V 125 847 390 194.53 

Ni 119 374 235 58.95 

Cu 96 186 141 22.75 

Zr 12 258 91 86.72 

Rb 12 267 58 55.24 

Mn 10 190 46 43.34 

Ba 12 163 45 40.08 

U 12 34 21 5.16 

 

Binary diagrams in Figure 8 illustrate the relationship between CaO and other major oxides. CaO shows 

inverse relationship with K2O, SiO2, Al2O3 and Fe2O3. This may indicate that CaO is incorporated in a 

phase not related to any of these elements. The main source of CaO is calcite with subordinate occurrences 

of dolomite, apatite and gypsum as confirmed by the XRD results and the petrographic study. Some 

minerals may exist in the oil shale samples such as siderite (FeCO3) [24], which is the common ferruginous 

sedimentary mineral. CaO is considered to be dominantly of biochemical origin, while SiO2, Al2O3, TiO2 

and K2O are attributed to terrigenous origin [26]. CaO may be used as marine indicator because marine oil 

shale often has considerably more calcium than non-marine ones [27]. 

 

Table 3. Summary statistics of the chemical analysis of the studied oil shale samples. 

Major Oxides (%) AUG1 AUG2 AUG3 Sultani4 Al Lajjun4 Al Lajjun5 

CaO 31.03 33.91 33.57 26.30 30.43 29.61 

SiO2 16.75 18.90 20.63 26.26 16.13 14.51 

Al2O3 2.25 2.02 2.06 2.87 3.77 3.44 
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SO3 2.69 2.68 2.7 4.38 4.83 4.06 

P2O5 2.12 2.82 2.99 3.48 3.30 2.65 

Fe2O3 0.96 0.63 0.65 1.12 1.55 1.50 

MgO 0.55 1.37 0.71 0.95 0.65 0.44 

Na2O 0.29 - 0.19 0.27 0.10 0.16 

K2O 0.17 0.25 0.26 1.37 - 0.41 

TiO2 0.12 0.08 0.08 0.13 0.16 - 

LOI 42.66 - 35.65 33.00 38.13 42.58 

Trace Elements 

(ppm) 
   

   

Zn 307 2180 1105   480.72 

Sr 499 1149 786   145.57 

Cr 247 611 406   92.57 

V 125 847 390   194.53 

Ni 119 374 235   58.95 

Cu 96 186 141   22.75 

Zr 12 258 91   86.72 

Rb 12 267 58   55.24 

Mn 10 190 46   43.34 

Ba 12 163 45   40.08 

U 12 34 21   5.16 
1 This study, 2 [10]; 3 [4]; 4 [24]; 5 [23]. 

 

Relationship of CaO with some trace elements such as Cr, Zr and Zn shows significant negative correlation 

(Figure 9). The relationship of CaO with Sr in Figure 9D exhibits a positive correlation. There is a strong 

probability that mineral strontianite exists in oil shale [25]. The positive correlation between Sr and CaO 

contents indicate that Sr is controlled mainly by Ca (probably calcite). The results of the cluster analyses 

indicate that Sr is grouped with CaO (Figure 6). 

 

According to [25], poor negative correlation of CaO with Ba in Figure 6 may indicate poor probability of 

existing witherite (BaCO3) minerals in the studied sample. 
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Figure 7. Spatial distribution of selected major oxides in the study area. 
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Figure 8. Binary variation diagrams between CaO and selected major oxides. 

 

 
Figure 9. Binary variation diagrams between CaO and selected trace elements. 

 

3.4.2 SiO2 
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The second-most abundant component in the studied AUG oil shale samples is silica. The samples exhibit 

wide variation of SiO2 content from a minimum value of 4.43% to a maximum value of 35.86%. The 

average is 16.75% which is close to that reported in Al Lajjun area, but much lower than the average of 

SiO2 in Sultani area (26.26%) (Table 2). The spatial distribution of the average SiO2 content in the study 

area is displayed in Figure 7B, which indicates that the highest average SiO2 concentration occurs in the 

central western part related to borehole No. 3. The vertical variations in SiO2 content are reported in some 

boreholes at specific levels. These are related to lithological and mineralogical changes with depth as 

revealed from borehole logs and petrographic study. Borehole logs indicate presence of free silica in terms 

of thin porcelanite intervals interbedded with carbonates. This is most probably the cause of high silica 

content in specific intervals. 

 

Apart from CaO, most major oxides including K2O, Na2O, Al2O3 and TiO2, have a proportional linear 

relationship with SiO2 contents as in Figure 10. Silica tends to decrease with the increase of carbonates that 

is primarily controlled by the presence of calcite. The SiO2 content in the studied oil shale correlates 

positively with Al2O3, this indicates that the SiO2 is incorporated in the clay minerals [26]. As it is already 

stated above, porcelanite beds were identified in the boreholes. These beds were incorrectly logged 

previously as chalk. It was found that the oil shale is not confined to the carbonate phase. It is rather 

occurring in the porcelanite rich lithology. Free silica may precipitate as cement filling cavities as 

amorphous silica and later occur as diagenetic quartz distributed with the tiny flakes of the clay minerals or 

the carbonate mud [28]. This is confirmed by the XRD results. Free silica in form of opal in the oil shale 

samples was suggested [24]. 

 

3.4.3 SO3 

With an average of 2.69 %, SO3 is the third-most abundant component in the AUG oil shale samples. It 

varies from a minimum value of 0.82% to a maximum value of 5.67%. It can be concluded that the SO3 

concentration in the AUG oil shale is lower than that reported in Sultani and Al Lajjun oil shale (Table 3). 

 

The spatial distribution of the average SO3 content is displayed in Figure 7C. Like silica distribution, the 

highest average SO3 concentration occurs in the central western part related to borehole No. 3. This is 

related to the lithological affinities of borehole No. 3 compared with the other boreholes. Wide vertical 

variations of SO3 are reported in the boreholes at specific levels. This is most probably related to sulfur 

content incorporated within the organic matter according to [10]. 

 

Cluster analysis indicates that similarity of SO3 with V, Zn, and Ni is 70% as displayed in Figure 5. Positive 

correlation is also noticed in Figure 6 with Cu (r=0.39), Cr (r=0.41). Therefore, it can be concluded that one 

form of SO3 in the studied oil shale samples is sulfide minerals. 
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Figure 10. Binary variation diagrams between SiO2 and selected major oxides and Zr. 

 

3.4.4 Al2O3 

Aluminum is the third most common element in the Earth's crust with 8.1% of the crust’s mass. However, 

in the studied AUG oil shale samples, the Al2O3 is the fourth most abundant element (Error! Reference 

source not found.). The average Al2O3 in all samples is 2.25% which is lower than the average Al2O3 in the 

Sultani and Al Lajjun oil shale (Table 3). 

 

There variation diagrams which shows the relationship between the Al2O3 with major oxide such as TiO2, 

Fe2O3, SiO2, MgO, K2O and CaO is illustrated in Figure 11. Positive relationship exists with TiO2, Fe2O3, 

SiO2, MgO and K2O, whereas negative relationship is noted with CaO. The positive trend might be 

attributed to terrigenous origin due to the presence of significant amounts of clays [26]. 
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Figure 11. Binary variation diagrams between Al2O3 and selected major oxides. 

 

3.4.5 P2O5 

The average P2O5 concentration for samples of the study area is 2.12% (Table 2). As it can be noted in 

Table 3Error! Reference source not found., the AUG oil shale samples of this study has lowest average 

P2O5 content compared with the oil shale from elsewhere in Jordan. It is attributed to presence of phosphatic 

rich intervals increase with depth normally close to the contact with the lower phosphate rich formation. 

Among the trace elements the highest correlation coefficient between P2O5 is notices with U (r=0.41) 

followed by V (r=0.25) (Figure 7), which might occur as trace elements within the apatite crystal structure. 
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3.4.6 Fe2O3 

The average Fe2O3 is 0.96% (Table 2), which is lower than that reported for Sultani and Al Lajjun (Table 

3). As stated earlier in the cluster diagram Fe2O3 exhibits almost the strongest similarity with TiO2 followed 

by Fe2O3-TiO2 with Al2O3 (Figure 5). Furthermore, the correlation coefficient matrix in Figure 6 reveals to 

the significant positive correlation between Fe2O3 and TiO2 (r = 0.968) and with Cr (r = 0.85), also good 

correlation between Fe2O3-Cu (r = 0.79), Fe2O3-MgO (r = 0.66), and Fe2O3-Mn (r = 0.65). Iron is present 

either in the structure of clay minerals and/or as an independent Fe-mineral such as hematite, limonite, and 

goethite. Iron present in the oil shale may bound to marcasite sulfur or pyrite, also to siderite [22], [31]. 

 

3.4.7 MgO 

The average MgO in the studied oil shale samples is 0.55%. MgO shows a negative correlation with CaO (r 

= -0.48). Mg2+ may substitute Ca2+ in early formed calcite in the form of dolomite and ferroan dolomite; this 

may reflect the source of both elements [42]. Core logging indicate presence of one or more of dolomite 

seams interbedded within the oil shale layers. [21] have also reported the presence of MgO in the oil shale 

attributed to dolomite beds interbed. As in Figure 6, MgO shows a positive correlation with Al2O3, SiO2, 

K2O, TiO2 and Fe2O3 (r = 0.67, 0.55, 0.64, 0.72 and 0.66 respectively). MgO may be present in the clay 

minerals. Mg2+ and Ca2+ substitute Al3+ in the smectite or illite [51]. Na+ and Mg2+ ions are the major 

exchange cations in marine smectite. Dolomite and clay minerals were detected by XRD analysis in some 

of the studied oil shale samples. 

 

3.4.8 Na2O and K2O 

Average Na2O and K2O is 0.29% and 0.17% respectively. Vertical variations in the Na2O and K2O are 

narrow. Usually, they are limited to intervals characterized by high Al2O3 which may imply presences of 

smectite clays. However, presence of Na2O in the form of water-soluble salts mainly halite cannot be ruled 

out. In general, smectite clays are abundant in oil shale. This is supported by the positive correlation found 

between K2O-Na2O (r= 0.72), K2O-Al2O3 (r =0.85) and Na2O- SiO2 (r = 0.7). And supported by the scatter 

diagram in Figure 12E which suggest there is a positive linear relationship between K2O and Al2O3. The 

correlation coefficient between each of the Na2O and K2O with the other major and trace elements is shown 

in Figure 6. 

 

3.4.9 TiO2 

The oil shale has low TiO2 content with an average of 0.12% which similar to what was reported in Sultani 

and Al Lajjun areas. Geochemistry of TiO2 in the oil shale can be understood from the strong positive 

correlation of TiO2 with Al2O3, Fe2O3, K2O and MgO (correlation coefficient r=0.94, 0.97, 0.83, and 0.72 

respectively, also strong negative correlation with CaO (r= -0.75). Also, the good correlation between TiO2-

Cr(r=0.86), and TiO2-Cu (r=0.72). All of these indicate that TiO2 is essentially associated with clays and 

reflecting its terrigenous origin, TiO2 is usually spread within the clays as individual minerals, possibly as 

rutile, ilmenite, brookite, and anatase [25]. 

 

3.5 Geochemistry of trace elements 

The results of trace elements of the oil shale for the studied samples from the AUG deposits are given in 

part per million (ppm) in Table 2.  

 

3.5.1 Zn, V, Ni and Cu 

The samples has high Zn, V and Ni content with averages of 1105, 390 and 235 ppm respectively. These 

averages are higher than the other localities in Table 3. The positive correlation among these elements (r = 

0.66 Zn-V, r = 0.66 Zn-Ni, r = 0.68 Zn-Cu) may be explained by their close association with respect to 
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mineralogy and origin. This positive correlation as related to adsorption on organic matter, clay minerals 

and Fe-Mg oxides was explained earlier. According to El-Hasan [23] this may indicate that they are more 

likely to be of authigenic origin and were precipitated, as sulfides, rather than adsorbed by the organic 

matter. Positive correlation between these trace elements and SO3 is evident in Figure 6 and supported with 

the cluster dendrogram in Figure 5 which indicates occurrences in the phosphate-sulfide group. This is 

except for of Cu which incorporated in the aluminosilicate group (Figure 5). In addition, Zn can replace 

cations which have bivalent ion such as Ca, Mg and Fe to produce aragonite or calcite. This result is 

confirmed by the variation diagram in Figure 9C and the correlation matrix in Figure 6 which exhibits the 

negative correlation coefficient between Zn and CaO (r = -0.57) [26]. The samples probably contain 

smithsonite (zinc carbonate), probably found in the study area to explain the very high content of Zn in the 

oil shale samples. The smithsonite is deposited by replacement of limestone. 

 

3.5.2 Sr 

Sr is abundant in the studied oil shale samples. The average Sr is 786 ppm, which is two times higher than 

the crustal average of Sr (384 ppm) [33]. The close association between CaO and Sr is evident from the 

dendrogram in Figure 5, the correlation coefficient matrix in Figure 6, and from the variation diagram in 

Figure 9D. Sr may be concentrated by non-calcareous plankton [34], and especially aragonitic materials 

[26]. Strontianite (SrCO3) mineral have similar structure to calcite and aragonite [25]. 

 

3.5.3 Cr 

The average Cr is 406 ppm which is higher than the average Cr content in the Sultani oil shale but lower 

than average Cr in Al Lajjun oil shale. Cr exhibits good positive correlation with oxides such as: TiO2, 

Fe2O3 and Al2O3 (r=0.86, 0.85 and 0.83 respectively). In the dendrogram in Figure 5, Cr is clustered in the 

aluminosilicate group. Cr showed positive correlation with Ni (r = 0.66). Cr may occur in several forms. It 

can be adsorbed on iron and manganese oxides, clays, apatite and organic matter [35]. The presence of 

chromium-bearing minerals in central Jordan has been already reported [37], [38]. The former recorded the 

presence of chromatite in bituminous phosphatic layers, meanwhile the later reported presence of iron-free 

volkonskoite smectite clay with 16% Cr2O3 occurs in the lower part of the marble zone in central Jordan 

filling cavities and in veinlets.  

 

3.5.4 Uranium 

Uranium attains an average concentration of 21 ppm, which is lower than that in Sultani oil shale and Al 

Lajjun oil shale. The correlation matrix in Figure 6 indicate that U is positively correlated with most of the 

major oxides except with CaO. This might be related to the occurrences of U as replacement of Ca inside 

Ca-bearing primary minerals within the oil shale such as apatite and calcite. In addition, Ca-U oxides 

(calcium urinates) from central Jordan were identified [38]. Based on the dendrogram shown in Figure 5 

and the correlation matrix in Figure 6, the established positive correlation between U and each of V, Cr, Ni, 

Zn and Zr is most probably due to association inside the phosphate-sulfide group. Secondary uranyl 

vanadates, carnotite together with volkonskoite are hosted in marble and chalk marl in central Jordan [39]. 

 

3.6 Origin of Trace Elements 

As can be concluded from the previous sections, the oil shale exhibits significant enrichment in the trace 

elements including the heavy metals: Zn, Cr, V, and Ni, when compared with other carbonates. The positive 

correlation between these trace elements and SO3 is evident. This is supported by the cluster diagram which 

indicates occurrences mostly in the phosphate-sulfide group. Therefore, the enrichment of these elements 

cannot be explained only by being incorporated within the organic matter. Or explained only as related to 

adsorption on clay minerals and Fe-Mg oxides. They are rather the results of the euxinic depositional 
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environment, where they would co-precipitate as sulfide as indicated by [38] in Al Lajjun area. According 

to [40], these heavy metals are redox sensitive elements and are related to Mississippi Valley-type deposits. 

 

4. Conclusions 

Oil shale core samples were obtained from seven drilled boreholes. The samples have been subjected to 

thorough investigation including petrographic study, SEM, XRD, and XRF. The geochemical data were 

evaluated using statistical method to generate scatter plots, correlation matrix and cluster analysis.  

 

The oil shale samples are made of different types of clasts embedded in organic matter-rich carbonate 

matrix and calcite cement. They consist of bioclastic mudstone-wackestone, bioclastic packstone and 

foraminiferal grainstone. Based on SEM it was concluded that the carbonate phase in form of calcite is 

predominant phase followed by silica. The organic matter rich matrix is abundant with dark tones and 

massive texture. The EDX analysis illustrate that the chemical composition is dominated by calcite, free 

silica and sulfur compounds.  

 

The XRD results for representative oil shale samples indicate that mineralogy of the AUG oil shale, as a 

whole, is uniform with depth, and consists of calcite, silica as quartz, phosphates as apatite, and minor 

amounts of clay minerals and dolomite. The cluster analysis subdivided the elements into three group which 

are carbonate group; aluminosilicate group; and phosphate-sulfide group. The correlation coefficient matrix 

and binary diagram plots confirmed the elemental associations. XRF results indicated that CaO is the 

highest major oxide followed by SiO2. 

 

The oil shale comprises subordinate and similar average content of SO3, Al2O3 and P2O3 (about 2.4 ±0.3 %). 

XRF results indicate that the oil shale is enriched with trace elements in the study area.  

 

The trace elements concentrations in the order of decreasing abundance of Zn, Sr, Cr, V, Ni, Cu, Zr, Rb, 

Mn, Ba, U, Y and Th. It was concluded that the enrichment is the result of the euxinic depositional 

environment, where they would co-precipitate mainly as sulfide minerals. The heavy metals in the oil shale 

are redox sensitive elements and are related to Mississippi Valley-type deposits. 
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