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Abstract

The geochemistry and mineralogy of the three formations ; Sargelu, Naokelekan
and Chia Gara are studied using XRF, XRD, SEM, and EDS-elemental map
analyses. These formations represent Jurassic sequences exposed to the North of
Zakho within the North Thrust Zone, and constitute bituminous carbonate and shale
rocks. The average concentrations of SiO, and CaO in carbonate rocks are (11.7%,
7.75% and 9.16%) and (32.40%, 27.51% and 46.73%) in Sargelu, Naokelekan and
Chia Gara Formations respectively, whereas in shale rocks are (27.51% and 19.48%)
and (7.09% and 4.60%) in Sargelu and Naokelekan Formations. The MgO content as
average in carbonate rocks is high in Sargelu (8.86%) compared to Naokelekan
(0.28%) and Chia Gara (0.22%). The average contents of V, Ni, Mo and Zn in
carbonate rocks are (143.2 ppm, 94.92 ppm, 96.95 ppm and 83.3 ppm) in Sargelu,
(1143.3 ppm, 619.8 ppm, 588.3 ppm and 942.5 ppm) in Naokelekan and (373.4
ppm, 92 ppm, 187.4 ppm and 35.2 ppm) in Chia Gara, while in shale rocks are
(661.99 ppm, 662.6 ppm, 832.8 ppm and 509 ppm) in Sargelu and (1990.8 ppm,
753.1 ppm, 324.7 ppm and 724.3 ppm) in Naokelekan.

The concentrations and geochemical relationships of the major oxides are more
or less similar in both types of rocks in the three formations but their relationships
with trace elements are diverse. These relationships are very compatible with the
mineralogical identification. SiO,, Al,0;, K,O, TiO, and Zr make positive
correlations with each other reflecting their existence in clay minerals, K-feldspars
and are of detrital origin. CaO shows negative correlation with these oxides
indicating different origin. Also CaO is related with PO, infers the presence of
apatite. Fe,0O3, SO3, Mo, Zn, Ni and Cd are correlated positively due to their co-
existence in sulfide minerals.

The distributions of the trace elements Zn, Ni, Cu, Cr, Cd, V and Mo are
controlled by the clay minerals, oxides, phosphates, sulfides and sulfates. Mn, As, Sr
and Ba distributions are mainly controlled by carbonate minerals (calcite, dolomite)
and barite.
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Introduction

The Jurassic sequences represented by Sargelu, Naokelekan and Chia Gara Formations are located
to the north of Zakho town North of Iraq within the North Thrust Zone or so-called Northern Ora Zone
close to the Iragi-Turkish border in North Irag Figure-1. Four sections were sampled. These sections
are Banik, Pandro, Shiranish/1 and Shiranish/2 comprise the outcrops of the three formations in the
area. The stratigraphic successions of these formations are from older to younger are represented by
Sargelu (Middle Jurassic), Naokelekan (Late Jurassic) and Chia Gara (Late Jurassic-Early Cretaceous)
Figure- 2. Many workers dealt with paleontology, lithostratigraphy, and classifications. However, a
relatively no detailed studies were concerned with the geochemistry and mineralogy of these rocks,
and for Naokelekan there is no previous study. Sargelu Formation is composed of thin bedded black
bituminous limestone, dolomitic limestone, black papery shale with streak of thin black chert in the
upper part. The thickness in the outcrops varies from 20-125 m, the age is Bajonian-Bathonian
according to paleontological evidences [1-3]. The Naokelekan Formation comprises laminated
bituminous limestone alternate with bituminous shale, highly bituminous dolomite with thickness
ranges from 10-30 m [2]. The age of the formation is reported to be Upper Oxfordian-Lower
Kimmeridgian [1, 3]. Chia Gara Formation defined at Chia Gara anticline south of Amadia town in
High Folded Zone, North Irag. The thick of this formation varies from 30-300 m [2] but in the type
locality it is 230 m. The lithology is rather uniform consists of thin bedded limestone and calcareous
shale. According to paleontological evidences the age is proposed to be Middle Tithonian-Berriasian
[1]. The main target of the present work is to study in detail the geochemical characteristics of the
Jurassic sequences Sargelu, Naokelekan and Chia Gara and to shed light on the relationships between
major and trace elements as a clue to enhance their mineralogy composition. Many statistical
parameters are employed in order to give a clear view for the abundance and enrichment of each
element via using the geochemical data toolkit (GCDKkit version 2.2, Czech Geological Survey)
program, Histograms and correlation coefficient.
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Figure 1- Location map of the study area shows the sites of the studied sections.
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Figure 2- lithostratigraphic section of the studied formations at Northern Zakho/Northern Iraq (Sargelu,
Naokelekan and Chia Gara/Banik section).
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Material and Methods

For geochemical and mineralogical analyses, the total number of collected fresh samples (point
samples) from all sections is 114 samples distributed in the three formations according to thickness
and lithologic variations. Sixty five (65) representative bulk powder samples from the three studied
formations were chosen for chemical analyses by XRF technique, the model of the used instrument is
SPECTRO X-LAB 2000. Thirty four (34) bulk powder samples from the three studied formations
were examined by XRD technique on an EQUINOX 1000/2008 X-RAY DIFFRACTOMETER
(radiation X-ray Co-Kal, wavelength 1.788970 A°). These analyses were carried out at Ankara
University/Department of Geology/Turkey. Fifteen (15) selected samples were treated with acetic
acid (0.3 molar) at room temperature to dissolve calcite without affecting other minerals and studied
by XRD technique, the model of the used instrument is XRD 7000/2008 MAXIMA-X/SHIMADZO
JAPAN Type (radiation Cu-Kal, wavelength 2.03 A); these analysis were done in the Iragi Geological
Survey. The sample were crushed and taken into a small mill type (FRITSCH/pulverisette 7) to get the
size of granules less than or equal to five microns ( <5 ). Then the homogeneous mixture of 4 grams
of each powder sample with 1 gram of wax were taken into a pellet-making machine type (PE-
EL/pressure 15-20*10* N). To determine mineral phases, seventeen (17) polished sections from the
three studied formations were performed using scanning electron microscopy (SEM) and energy
dispersive spectrometry (EDS) analyses at the University of Western Australia-Scanning Electron
Microscopy Center, tool machine type Teskan Vega 3-USA and at Hacetapa University in
Ankara/Turkey, tool machine type ZEISS EVO 50 .
Results and Discussion

In the three studied formations, the dominant carbonate minerals are calcite and dolomite, silicates
are represented by quartz, clay minerals (kaolinite, illite, montmorillonite and palygorskite) and K-
feldspar. Sulfides are mainly pyrite with sphalerite, pentlandite and molybdenite. Oxides are
represented by hematite and goethite. Fluorapatite apatite is one of the phosphate minerals found in
these rocks as well as gypsum and barite are the dominant sulfate minerals. The range and average of
the selected major oxides and trace elements of the three formations for the carbonate and shale rock
samples are listed in Tables 1, 2 and 3.

Table 1- Range and average of major and trace elements of the carbonate and shale samples in Sargelu

Formation
Value carbonate rocks shale rocks
Element Range Average Range Average
Si0,% 2.257-22.98 11.70 16.08-41.1 27.51
Al,03% 0.414-7.242 3.22 4,368-14.52 7.66
K,0% 0.011-3.326 0.929 1.76-6.667 3.81
TiO,% 0.0236-0.3405 0.14 0.3209-0.7397 0.46
Fe,0;% 0.093-3.032 0.88 2.787-5.58 4.30
SO;% 0.2574-3.513 1.499 3.734-16.02 8.85
MgO% 0.18-17.63 8.86 0.664-4.046 2.59
Ca0% 18.33-55.47 32.40 0.8727-14.88 7.09
MnO% 0.00065-0.0165 0.0084 0.0068-0.0096 0.00769
P,05% 0.0045-0.394 0.0899 0.1316-0.5434 0.34
V,05% 0.009-0.0723 0.0255 0.0788-0.1942 0.118
Cr,0:% 0.00073-0.0121 0.00438 0.01071-0.0286 0.0187
Ni ppm 1.0-250.6 94.92 345.4-1037.0 662.61
Mo ppm 3.4-545.7 96.95 132.4-1739.0 832.82
U ppm 8.1-46.9 24.43 34.6-110.8 62.91
Zn ppm 1.0-303.3 83.31 204.5-1076.0 509.01
As ppm 1.0-40.5 10.52 36.4-108.5 64.94
Ba ppm 11.3-226.4 41.07 47.8-455.9 152.65
Y ppm 1.0-19.8 8.31 15.4-66.3 33.3
Sr ppm 12.0-235.4 110.85 50.8-136.4 83.07
Cd ppm 0.5-5.6 3.23 7.1-40.8 25.28
Zr ppm 9.4-82.6 25.61 48.0-248.5 118.77
Cu ppm 1.0-158.8 35.34 82.3-373.2 230.64
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Table 2- Range and average of major and trace elements of the carbonate and shale samples in Naokelekan

Formation.
Value carbonate rocks shale rocks
Elem. Range Average Range Average
SiO% 2.998-14.04 7.75 15.5-29.87 19.48
Al,O3% 0.727-2.659 1.757 3.526-10.33 5.49
K,0% 0.336-1.365 0.824 1.835-3.942 2.45
TiO% 0.0693-0.2686 0.1699 0.336-0.807 0.49
Fe,05% 0.429-1.88 1.267 2.481-6.526 4.01
SO3% 6.798-13.82 10.89 6.53-18.47 15.31
MgO% 0.091-0.499 0.282 0.52-1.631 0.97
Ca0% 14.78-37.72 27.51 1.448-6.264 4.60
MnO% 0.0034-0.0058 0.0044 0.0042-0.011 0.008
P,05% 0.1196-0.2897 0.2142 0.2708-0.548 0.35
V,05% 0.0829-0.3721 0.2040 0.266-0.474 0.35
Cr,0:% 0.0064-0.0327 0.0139 0.013-0.044 0.031
Ni ppm 240.1-895.4 619.87 357.0-1047.0 753.18
Mo ppm 192.2-1082.0 588.35 195.1-602.7 324.74
U ppm 48.2-90.3 71.52 47.2-91.1 69.5
Zn ppm 305.3-1528.0 942.56 195.8-1018.0 724.38
As ppm 14.7-48.5 32.22 46.6-88.6 68.64
Ba ppm 69.5-1932.0 706.2 95.3-1977.0 485.96
Y ppm 21.2-53.2 35.07 19.5-106.2 66.36
Sr ppm 105.1-327.9 246.34 53.0-75.2 68.7
Cd ppm 7.8-50.9 39.0 17.5-62.3 33.3
Zr ppm 13.4-44.1 25.63 62.5-180.4 92.18
Cu ppm 34.0-80.6 52.03 94.5-163.2 120.4
Table 3- Range and average of major and trace elements of the carbonate samples in Chia Gara Formation.
alue
\Elem\ range average
SiO% 1.692-18.0 9.164
Al,0:% 0.657-7.35 3.489
K.0% 0.084-2.066 0.675
TiO,% 0.039-0.515 0.236
Fe,03;% 0.183-4.801 1.465
SO3% 0.744-9.149 2.611
MgO% 0.029-0.449 0.220
Ca0% 27.84-55.93 46.734
MnO% 0.0039-0.0161 0.0074
P,0Os% 0.0141-0.4448 0.08519
V,05% 0.0089-0.2668 0.0666
Cr,0:% 0.00206-0.0182 0.00629
Ni ppm 13.1-443.2 92
Mo ppm 27-760.3 187.41
U ppm 9.9-81.5 27.39
Zn ppm 0.8-140.2 35.27
As ppm 0.8-34.3 11.48
Ba ppm 13.2-649.1 80.68
Y ppm 0.7-24.6 6.57
Sr ppm 140.5-501.9 258.39
Cd ppm 0.5-15.5 3.31
Zr ppm 11.2-129.0 41.56
Cu ppm 2.1-202.7 41.68
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Geochemistry of Major Elements
Correlation coefficient of each pair of the major elements for carbonate and shale samples of
Sargelu, Naokelekan and Chia Gara Formations are illustrated in Figures-3, 4, 5, 6 and 7, respectively.
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Figure 3- Correlation coefficient of the major elements of carbonate samples in Sargelu Formation. (n=17)
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Figure 7- Correlation coefficient of the major elements of carbonate samples in Chia Gara Formation. (n=22)

SiOz, A|203, Kzo, T|02 and FeZOg

There are positive correlations between SiO, and Al,Os;, K,O and TiO, suggesting the occurrence
of these oxides in common phases of combined silica such as clay minerals and K-feldspar in addition
to the existence of free silica as quartz. Al,O; concentration is thought to be a good measure of detrital
influx. This is evident from its positive trend with SiO,, K,0, TiO, and Zr which explain their
terrigenous origin (e.g. the point chemical analyses in the sample of Sargelu Formation sample: Si and
O concentrations up to 30.53% and 36.73%, respectively, both K and Al concentrations up to 9.4%
and 12.22% respectively, and the concentration of Ti up to 0.5%, ....

TiO, shows binary style reflecting the presence of Ti-bearing minerals such as anatase or its
polymorph (rutile).

Fe O3 as total iron is mainly concentrated in sulfide minerals mainly pyrite and its oxidation
products such as hematite and goethite
CaO and MgO

CaO is mainly represented by calcite and dolomite in carbonate and shale rock samples. Also, very
little quantity of CaO is related to P,Os and SOs indicating that the Ca exists in the form of phosphate
(apatite) and sulfate (gypsum), respectively.

MgO content is mainly related to the presence of the mineral dolomite due to dolomitization
process. This is supported by the negative correlation between MgO and CaO. Also, Mg is related to
clay minerals (palygorskite and montmorillonite). Derver [4] mentioned that under reducing
environments, Mg associates with clay minerals.

SO;

SO; is detected in the carbonate and shale rocks. The mineralogical observation and the positive
correlation between SO; and Fe,O3, Mo, Zn and Ni indicate the existence of sulfide minerals such as
pyrite, sphalerite and pentlandite in addition to sulfate (gypsum).

P,0s

P,Os is found in both carbonate and shale rocks of the studied formations. The mineralogical
investigations (SEM and EDS) are represented by the spectra including (e.g. the point chemical
analyses in the samples of Sargelu, Naokelekan and Chia Gara Formations: Ca0=48.24%,
PO4=35.77%, F=10.13%, ..., Ca0=45.78%, PO4=36.77%, F=7.28%, ..., Ca0=49.77%,
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PO4=36.27%, F=5.55%, ..., respectively), as well as the positive correlation of P,Os with Al,O, SiO,,
K,0, and TiO, indicating that the source of P,Os is mainly apatite and clay minerals, where (PO,)* has
ability to be absorbed by clay minerals or substitutes OH" [5].

MnO

MnO shows negative correlation with CaO in the carbonate rocks. This is attributed to substitution
of Ca®* by Mn*? under reducing sea water conditions [6]. The positive correlation between Mn* and
Mg”* as well as the similarity in their ionic radii and electric charges indicate that there is merging of
Mn®** in the dolomite lattice during diagenetic process (dolomitization), in other words, Mn
concentration in dolomite infers that it is incorporated from dolomitizing solution rather than the
parent rocks [7]. Also, the positive correlation of Mn with Ca suggests the co-existence of Ca and Mn,
where Rubio et al.[8] postulated that Mn can form rhodochrosite (MnCQOg3) inside calcite structure
under co-precipitation of a calcite-manganese phase. The positive correlation of MnO with SiO, Al,O3
and K,O denotes its relation with clay minerals. Amin [9] referred to the adsorption of Mn on the
surfaces of clay mineral.

V205 & Cr203

V,0s has the ability to form complex components in bituminous rocks under reducing conditions
[10]. The mobile vanadate anion (VO4)* is formed during weathering processes and remains dissolved
in solution until it precipitates under reducing conditions as vanadium components (V,03;, V(OH)s,
VO(OH);) [10]. Hirst [11] reported the association of vanadium in clay minerals especially the
kaolinite and illite, and also it has the ability to be adsorbed by iron oxides and hydroxides [12]. This
is supported by the many spectra of EDS point chemical analyses (in the samples of Sargelu
Formation: Fe,03=79.10%, V,05=1.23%,... ; Fe,03;=79.82%, V,05=1.21%, ...; Fe,03;=83.10%,
V,0:=0.95%, ...; and in samples of Naokelekan Formation: Fe,0;=68.54%, V,0:s=5.15%, ...;
FEQO3=65.76%, V205=6.20%, )

The positive correlation of Cr,03; with Al,Q3, SiO,, and K,0O could be attributed to its association
with clay minerals where Cr has the tendency to concentrate in clay minerals [13]. The positive
correlation of Cr with Fe,O; and SO; reveals its contribution in iron-minerals (pyrite and its
weathering products). Sulfide minerals play a critical role in the geochemical cycling of trace
elements, among them, pyrite is the most common which acts as natural reluctant to reduce Cr® to
Cr® [14], and also pyrite acts as an efficient Cr®* reducing agent [15]. Thus, Cr may occur associated
with pyrite and its weathering products (iron-oxides hydroxides).

Geochemistry of trace elements

Tables-4, 5, 6, 7 and 8 show the correlation coefficients of each pair of major with trace elements

of carbonate and shale rock samples for the three formations.

Table 4- Correlation coefficient (r) between major with trace elements of carbonate lithology of Sargelu
Formation. (n=17, sig. level= 0.412)

Ni Mo U Zn As Ba Y Sr Cd Zr Cu
SiO, 0.7 053 | 024 | 061 | 0.64 | 0.58 0.57 | -0.20 | 0.53 | 0.57 | 0.69
ALO; | 013 | -0.17 | -0.07 | 0.27 | 0.25 | 0.64 | -0.09 | -0.63 | 0.11 | 0.85 | 0.60
K,O | 047 | 0.07 | 0.18 | 0.63 | 0.61 | 0.89 021 | -042 | 042 | 095 | 0.90
TiO, | 043 | 0.06 | 012 | 055 | 0.50 | 0.79 0.18 | -0.44 | 0.32 | 0.92 | 0.80
Fe,O; | 081 | 041 | 051 | 0.86 | 0.91 | 0.87 057 | -0.04 | 069 | 0.78 | 0.93
SO; | 0.74 | 066 | 063 | 0.70 | 0.55 | 0.30 0.64 0.34 | 067 | 0.13 | 0.32
MgO | -0.21 | -0.40 | -0.56 | -0.19 | -0.20 | -0.08 | -0.26 | -0.64 | -0.19 | -0.04 | 0.05

CaO | -0.35| -0.02 | 0.18 | -0.37 | -0.34 | -0.46 | -0.17 | 0.71 | -0.29 | -0.51 0_59

MnO | -09 | -0.34 | -0.40 | -0.12 | -0.14 | -0.03 | -0.17 | -0.50 | -0.36 | 0.06 | 0.17
P,Os | 023 | 012 | 028 | 0.30 | 0.37 | 0.50 | 0.002 [ -0.42 | 0.31 | 0.61 | 0.40
V,05; | 084 | 062 | 067 | 0.89 | 0.86 | 0.74 | 0.74 0.13 [ 0.88 | 0.57 | 0.69
Cr,O;| 076 | 044 | 041 [ 082 | 0.80 | 0.77 0.57 0.01 [ 069 | 0.61 | 0.87
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Table 5- Correlation coefficient (r) of major with trace elements of shale lithology of Sargelu Formation. (n=7,
sig. level= 0.669)
Ni Mo U Zn As Ba Y Sr Cd Zr Cu
SiO, | -0.32 | -0.31 | -0.12 | -0.64 | -0.08 | 0.29 -0.18 | -0.62 [ -0.71 | 0.58 | 0.58
AlLO; | -0.78 | -0.78 | -0.31 | -0.34 | -0.45 | 0.55 -040 | -0.73 [ -0.92 | 0.98 | 0.93
KO | -068 [ -0.81 [ -0.22 | -0.38 | -0.38 | 0.55 -0.32 | -0.84 [ -091 | 0.98 | 0.97
TiO, | -0.61 | -0.65 | -0.15 | -0.28 | -0.25 | 0.39 -0.16 | -0.68 [ -0.82 | 0.96 | 0.87
Fe,O; | 0.04 | -0.14 [ 0.66 | -0.13 | 0.52 0.38 0.50 -0.43 | -0.29 | 0.57 | 0.54
SO; 0.97 0.79 0.62 0.33 0.76 | -0.73 0.82 0.58 0.88 | -0.74 | -0.76
MgO | -0.35 | -0.03 | -0.47 0.13 | -0.50 | 0.31 -0.65 0.32 0.08 | -0.34 | -0.26
CaO [ 0.02 | 0.38- [ -0.27 0.47 | -0.19 | -0.07 [ -0.30 0.72 0.48 | -0.65 [ -0.61
MnO | -0.28 | -0.16 [ 0.01 -0.25 | -0.11 | 0.78 -0.41 | -0.20 | -0.25 | 0.04 | 0.20
P,Os | 0.23 0.08 0.71 -0.43 | 0.62 0.27 0.50 -0.31 | -0.08 | 0.21 | 0.20
V,0s | 0.90 0.83 0.70 0.59 0.86 | -0.57 0.87 0.66 0.78 | -0.59 | -0.61
Cr,0; | -056 | -0.76 | -0.14 | -0.10 | -0.33 | 0.61 -0.28 | -0.77 | -0.79 | 0.89 | 0.95

Table 6- Correlation coefficient of major with trace elements of carbonate lithology of Naokelekan Formation.
(n=9, sig. level= 0.582)

Ni Mo U Zn As Ba Y Sr Cd Zr Cu
SiO, | 0.60 0.33 0.03 | -023 | 0.79 | -0.18 0.70 -0.59 | 050 [ 0.89 | 0.97
AlLO; | 0.68 0.53 0.06 | -0.18 | 0.82 | -0.07 0.80 -045 | 056 [ 0.88 [ 0.94
K,O 0.77 0.54 0.18 | -0.06 | 0.87 | -0.11 0.75 -0.38 | 0.61 [ 0.94 | 0.98
TiO, [ 0.67 049 | -0.09 | -0.05 [ 0.86 | -0.38 0.73 -043 | 0.63 [ 0.93 | 0.92
Fe,O; | 0.72 0.60 0.10 | -0.17 | 0.81 | -0.08 0.76 -0.36 | 051 [ 0.89 | 0.92
SO3 0.92 0.77 0.44 0.16 0.89 0.26 0.58 -0.03 | 0.63 [ 0.82 [ 0.84
MgO | 0.48 0.23 | -0.34 [ 0.02 0.81 | -0.33 0.38 -0.56 | 0.65 [ 0.73 | 0.76
CaO | -0.76 | -054 [ -0.18 | 0.02 | -0.88 | -0.06 [ -0.67 0.35 -0.66 | -0.89 | -0.93
MnO | 0.11 0.24 0.01 -0.15 [ 0.15 | -0.02 0.67 -0.04 | 0.13 | 0.28 | 0.31
P,Os | 0.73 0.76 0.38 0.25 0.67 0.07 0.89 0.14 0.63 | 0.68 [ 0.65
V,0s | 0.68 0.31 0.19 0.06 0.86 | -0.04 0.60 -0.46 | 0.70 [ 0.85 | 0.93
Cr,0; | 0.63 026 | -0.01 | -0.07 | 0.84 | -0.33 0.50 -0.56 | 0.60 [ 0.93 [ 0.94

Table 7- Correlation coefficient (r) of major with trace elements of shale lithology of Naokelekan Formation.
(n=5, sig. level=0.805)

Ni Mo U Zn As Ba Y Sr Cd Zr Cu
SiO, | -0.93 ] -057 | -0.64 | -090 | -0.72 | -0.25 | -0.64 | -0.88 | -0.62 | 0.98 | 0.11
Al,O; | -0.88 | -0.46 | -0.63 | -0.89 | -0.69 | -0.24 | -0.70 | -0.89 | -0.52 | 0.99 | -0.01
K,O | -0.75| -0.24 | -047 | -0.81 | -055| -0.38 | -0.72 | -0.84 | -0.30 | 0.97 | -0.16
TiO, | -0.84 | -041 ]| -052 | -083 | -059 | -0.31 | -0.61 | -0.83 | -0.46 | 0.98 | 0.05
Fe,O; | -0.85 | -048 | -0.52 | -0.79 | -0.57 | -0.22 | -0.50 | -0.77 | -0.53 | 0.95 | 0.19
SO; 0.79 | 0.29 [ 0.57 0.87 0.66 | 0.36 0.81 091 | 0.35 | -0.98 | 0.23
MgO | 0.51 | 0.70 | 0.85 0.49 0.78 | -0.56 [ 0.33 0.44 | 0.77 | -0.19] -0.08
CaO | 097 | 065 | 0.84 0.99 0.90 | 0.11 0.78 0.97 0.72 | -0.95| 0.02
MnO | -0.67 | -0.68 | -0.40 | -0.42 | -0.35 | 0.19 0.10 | -0.32 | -0.72 | 0.53 | 0.74
P,Os | 0.22 | -0.00 [ 0.65 0.44 | 0.61 | -0.28 | 0.76 0.53 | 0.10 | -0.26 | 0.76
V,0s | 079 | 0.82 | 0.62 0.57 0.57 | -0.28 | 0.06 0.47 0.88 | -0.58 | -0.66
Cr,0O; | 091 | 0.74 | 0.70 0.78 | 0.69 [ -0.09 [ 0.36 0.71 | 0.81 | -0.83| -0.42
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Table 8- Correlation coefficient (r) of major with trace elements of carbonate lithology of Chia Gara Formation.
n= 22, sig. level= 0.36)
Ni Mo U Zn As Ba Y Sr Cd Zr Cu

SiO, 0.74 0.74 0.67 0.81 0.82 0.46 0.82 0.52 0.74 0.81 | 0.72
Al,O; | 0.61 0.63 0.59 0.70 0.73 0.51 0.71 0.42 0.62 0.83 | 0.65
K,0O 0.74 0.65 0.56 0.69 0.67 0.20 0.77 0.42 0.68 0.53 | 0.56
TiO, | 0.64 0.63 0.62 0.72 0.74 0.54 0.74 0.46 0.65 0.85 | 0.66
Fe,O; | 0.83 0.85 0.86 0.89 0.92 0.74 0.86 0.64 0.87 0.97 | 0.88
SO; 0.92 0.85 0.77 0.77 0.81 0.35 0.84 0.33 0.87 0.66 | 0.76
MgO | 0.83 0.88 0.78 0.77 0.89 0.46 0.80 0.39 0.81 0.76 | 0.82
CaO | -0.88 | -093 | -0.84 | -0.88 | -0.96 | -0.57 -0.87 | -052 | -0.89 | -0.88 | -0.90
MnO | 0.28 0.35 0.55 0.56 0.47 0.77 0.35 0.53 0.34 0.60 | 0.42
P,Os | 0.69 0.80 0.90 0.89 0.87 0.92 0.65 0.70 0.79 0.90 | 0.83
V,05 | 0.81 0.91 0.73 0.67 0.89 0.43 0.75 0.39 0.81 0.77 | 0.91
Cr,0; | 0.83 0.64 0.61 0.78 0.71 0.36 0.92 0.61 0.81 0.75 | 0.61

Strontium (Sr) & Arsenic (As)

Sr commonly makes positive correlation with CaO in the studied samples confirming its
accommodation in the lattice of the mineral calcite. Sr shows negative correlation with MgO. This
could be explain by the expulsion of Sr from the lattice of dolomite during dolomitization process due
to its large ionic size [7, 16]. The difference of ionic radii between strontium (Sr**=1.12 A°) and
magnesium (Mg?=0.66 A°) leads to a limited substitution of Sr for Mg in dolomite [17]. Therefore,
there are two sources for Sr; carbonates which is considered the main source and gypsum evident by
the positive correlation between Sr and SOs. Sr shows negative and positive correlations with CaO and
MgO, respectively; this indicate the predominance of recrystalization diagenetic process effect [18].
The positive correlation of Sr with SiO,, Al,Os;, K,O and TiO, supports its relation with clays. Hirst
[11] and Goldschmidt [10] mentioned that Sr combines with clay minerals structurally when they enter
to the basin of deposition.

Arsenic is founded in both carbonate and shale rocks in the studied samples of the three
formations. It is related to dolomite supported by SEM and EDS analyses. Spectra (spot chemical
analyses) clearly show that arsenic is combined with dolomite (e.g. in the samples of Sargelu
Formation: Ca0=63.08%, MgO=34.75%, As=2.16%; Ca0=62.86%, Mg0=34.48%, As=2.65% and in
the sample of Naokelekan Formation: Ca0=51.66%, Mg0=32.57%, As=9.95%, ... Also, it is related to
clay minerals supported by positive correlation of As with SiO,, Al,O3, K,0 and TiO,.

Nickel (Ni), Zinc (Zn) and Molybdenum (Mo)

Nickel makes positive correlation with SO; indicating its accommodation in sulfide minerals and
its positive correlation with SiO,, Al,O3, K,0 and TiO, is related to clay minerals, due to the ability of
Ni to be adsorbed on clay mineral surfaces [19].

Zinc has a strong association with sulfide minerals, could be adsorbed by iron hydroxide, or
incorporates in illite lattice, and also may present in small amounts in carbonate minerals forming tiny
crystals of sphalerite by diagenetic recrystallization [9, 10, 20, 21]. In carbonate and shale rocks of the
studied formations, Zn shows positive correlation with SOgz; SiO,, Al,O; K0, TiO, and Fe, 03
indicating the existence of this trace element in iron oxides/hydroxides and in clay minerals (illite), as
well as in sulfide minerals; pyrite and sphalerite although the correlation between Zn and SO3 is weak
positive; this could be attributed to the alteration of Zn-sulfide to Zn-carbonate (smithonite ZnCO3).
The spot chemical analyses in the sample of Naokelekan Formation (SO3;=42.32, Fe,05;=45.03,
Zn=1.36, ...) reflects the contribution of Zn in pyrite and the presence of tiny crystals of sphalerite in
carbonate minerals.

Molybdenum in carbonate rocks of Naokelekan and Chia Gara Formations is related to sulfide
minerals and clay minerals. This is supported by positive correlation of Mo with SOz, Fe;O3, SiO,,
Al,O;, K;O and TiO,. Regarding the carbonate rocks of Sargelu Formation, Mo shows positive
correlation with Fe,O3, SOz and SiO, . These are explained by Mo-captured in Fe-sulfide, Mo-sulfide
and adsorption on quartz grains. These relationships are enhanced by the EDS point chemical analysis
in the sample of Sargelu Formation (Si0,=96.26%, Mo0=2.83%). Also, Mo relates to carbonate
minerals by its positive correlation with CaO. This is based on the point EDS analyses in the sample of
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Sargelu Formation (Ca0=85.02%, Mo0=2.15%, ...), reflecting the co-precipitation of Ca and Mo. In
shale rocks of the three formations, Mo is related to Mo-sulfide as indicated from the positive
correlation between Mo and SOs. The EDS analyses show pronounce association of Mo with pyritic
oxidation products and iron oxides; this is supported by the EDS point chemical analyses in the sample
of Sargelu Formation (Fe,O3=75.73%, SO3=9.42%, M0=1.24%, ...). Under reducing conditions, Mo is
taken up in the presence of HS [22, 23], as soluble Mo which is converted to particle reactive
thiomolybdates MoO,S4x =0 10 3); thiomolybdates are scavenged from solution via sulfidized organic
material or via Mo capture by Fe-S phases [24, 25]. The positive correlation of Mo with SO3 and its
negative correlation with Fe,Oz; could be attributed to the possibility of formation of Mo-sulfide
mineral, this suggestion is based on the fact that under high sulfidic conditions, the uptake of Mo may
occur as a metal sulfide (e.g. MoS,? .....) in the absence of dissolved Fe [24, 26, 27].

Copper (Cu) & Cadmium (Cd)

Usually, copper follows Zn in its chemical behavior and distribution. It could be incorporated in the
lattice of the clay minerals, mostly illite, associates in the lattice of pyrite and adsorbed by iron-
oxides/hydroxides [17, 18, 28]. Cu shows positive correlation with SiO,, Al,O3, K;0, TiO2, Fe,O3 and
SO; which indicating the association of this trace element with clay minerals, iron-oxides/hydroxides
and pyrite. Also, Cu could be adsorbed on the surfaces of quartz grains [29]. This is supported by the
positive correlation of Cu with SiO,.

Cadmium in carbonate and shale rocks of the three formations shows positive correlation with
Si0O,, Al,O3 K0, TiO,, SOs;, Fe,03, Ni, and Zn. This indicates its occurrence in clay and sulfide
minerals. Rankama and Sahama [13] and Goldshmidt [10] mentioned that Cd has a strong affinity for
sulfur to form sulfide minerals in reducing environments. This is clear in this study, strongly supported
by the EDS-point chemical analyses in the sample of Naokelekan Formation (Zn=55.47%, S=31.54%,
Cd=1.2 %, ...). Cd could also be precipitated on the clay minerals surfaces and it could substitutes for
Ca which is attributed to the similarity in the ionic radii of Cd (0.97A°) and Ca (0.99A°) [18, 30, 31].
Uranium (U)

U presents in the analyzed samples of carbonate and shale rocks of the three formations . In these
rocks, U is found related to the phosphate mineral fluorapatite from its positive correlation with P,Os,.
In general, U is strongly associated with the phosphate minerals and commonly presents in the
structure of fluorapatite partially substituting for Ca (ionic radii of U=0.97A and Ca®'=0.99A) [32-34].
In carbonate rocks, U may adsorbed on some forms of organic matters that are deposited
simultaneously with the carbonate sediments [35].

U in the phosphate mineral (apatite), could be precipitated from sea water and incorporated by
ionic substitution for Ca [36]. This is clearly by its positive correlation with P,Os and its negative
correlation with Ca. The positive correlation of U with SOz, Fe,Os, Ni and/or Zn in carbonate and
shale rocks is explained by its association in sulfide minerals. The positive correlation of U with SiO,,
Al, O3, KO, TiO, is attributed to the association of U with clay minerals. Also, U is occurs in
carbonate minerals which is indicated from the positive correlation with CaO. The precipitation of U is
attributed to the reduction of dissolved U®" to undissolved U** under reducing conditions [30]. U is
accumulated by direct precipitation from seawater by the action of hydrogen sulfide H,S (pH about
6.5) [36]. This explains the positive correlation of U with sulfide minerals.

Barium (Ba), Yttrium (Y) and Zirconium (Zr)

Barium in both carbonate and shale rocks of the studied formation has common relationship with
S0s;, Al,O3, SiO,, K0, and TiO,, making positive correlation with these oxides. This indicates
occurrence of sulfate minerals; barite (BaSO,) supported by EDS-point chemical analyses in sample
of Naokelekan Formation (Ba0=59.02% and SOs= 34.32%, ...), In addition, Ba could be contributed
in clay minerals [10, 11, 13]. The negative correlations of Ba with MgO could be attributed to the loss
of Ba during dolomitization process [10].

Yttrium in both carbonate and shale rocks of the three formations is closely associated with the
phosphate mineral (apatite) expressed by its positive correlation with P,Os. The positive correlation
between Y and SiO,, Al,Os, K,0, and TiO; is related to its association with clay minerals. Also, Y is
related to sulfide minerals as shown from the positive correlation between SOs;, Fe,O3, Ni, and Zn and
Y. Goldschmidt [10] reported the possibility of Y to be associated with clay minerals during
weathering, erosion, and deposition processes. Also, Rankama and Sahama [13] referred to the
presence of Y with low concentrations in sulfide minerals and its weathering products iron oxides and
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hydroxides.Zirconium in carbonate and shale rocks of the three formations shows positive correlation
with clay mineral components; SiO,, Al,O; K,O and TiO,. Hirst [11] suggested that Zr has the
capability to enter the crystal lattice of the clay minerals.

Conclusion

The study revealed the occurrence of carbonates (mainly calcite and dolomite), silicates (free
quartz, K-feldspar and clay minerals), sulfides (mainly pyrite), sulfate minerals, apatite and iron
oxides and hydroxides.

The geochemical characteristics and relationships of the major oxides and trace elements are
compatible with the mineralogical identification: SiO,, Al,O; K0, TiO,, Fe,Osand Zr are
positively correlated reflecting the existence of clay minerals and K-feldspar and mostly of
detrital origin. Fe,O3 is mainly incorporated into the iron oxides and hydroxides as well as
sulfides and clay minerals. CaO makes negative correlation with these oxides implying different
source and relates with SO5; and PO,, indicating the existence of gypsum and apatite.

The distribution patterns of the trace elements (Ni, Zn, Cu, Cd and Mo) are controlled by the
mineral phases present such as clay and sulfide minerals, whereas Sr, As and U are mainly
contributed in the carbonate and phosphate minerals.
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