Iragi National Journal of Earth Science, Vol. 22, No. 2, 2022 (67-89)

Geochemical Parameters for Evaluating the Aptian-Albian Kaolin
Deposits at Abu Darag Region, Gulf of Suez: Implications for the
Paleoclimatic Conditions in the Depositional Environments

Hatem M. El-Desoky{"), Mohamed W. Abd EI Moghny* , Nabil A. Abdel Hafez?, Osama R. El-Shahat*,
Sherif Farouk®{*), Hossam K. Sharaka®

1234 Department of Geology, Faculty of Science, Al-Azhar University, Egypt.
S Department Exploration, Egyptian Petroleum Research Institute (EPRI), Egypt.
6 Egyptian Mineral Resources Authority (EMRA), Egypt.

Article information ABSTRACT
Received: 13- Aug -2022 The mineralogical and geochemical constituents of the Aptian-Albian
Accepted: 27- Nov -2022 Malha Formation at the Abu Darag region, Gulf of Suez, Egypt, can be

discussed here. These constituents are related to paleoweathering and

Available online: 31-Dec-2022 paleoclimatic circumstances that managed the depositional settings.

Keywords: The present study aims to evaluate the geochemical conditions that
Genesis ) have control over the depositional environments and characterizes
Paleo-weathering them in terms of lithological, mineralogical, and chemical composition.
Climatic constraint . . . L

To achieve this aim, selected kaolinitic clay samples were

Abu Darag . . . . L
Wadi Araba geocher_mcally gnd mmeraloglca!ly exan_wmed.. Kaolinite and quartz are
Egypt the main constituent minerals in the investigated samples, whereas

anatase and hematite serve as auxiliary minerals. The presence of

hematite minerals indicates precipitation in an oxidizing environment,

whereas anatase is related to basaltic rock. Bivariate discrimination
Correspondence: provenance diagrams, major oxides, and trace elements all identify
Name: Hossam K. Sharaka felsic-intermediate igneous source rocks as the leading contenders. The
hossam.sharaka 2014@yahoo.com . N . )

examined samples were deposited in non-marine environments and
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Introduction

The chemical and mineralogical characteristics of clastic sedimentary rocks can be used
to determine the depositional environment and the provenance based on several factors. These
are including the composition of their source rocks, environmental factors influencing the
weathering of source rocks (atmospheric chemistry, temperature, rainfall, and topography),
the duration of weathering, and transportation mechanisms of clastic material from the source
region to the depositional area (Hayashi, et al., 1977). The primary controlling factors that
influence the geochemistry of clastic sedimentary rocks are lithology, mineral composition,
chemical weathering, and post-depositional change during diagenesis of the source locations
are reported by Johnsson (1993) and Armient, et al. (1998). Furthermore, these parameters are
influenced by tectonic activity, source fluctuations, climatic changes, and sediment quality.
(Alvarez, 2005). As a result, major and trace elements can be used to determine how climate
influenced clastic deposit deposition and weathering (Barbera, et al., 2006).

Bauxites, laterites, and altered metamorphic and igneous rocks are just a few examples
of the diverse lithologies that can host kaolin deposits, which can also occur in a variety of
depositional environments, including tropical soils and floodplain deposits (Dill, et al., 1997).
To distinguish between hypogenic and supergene kaolinization processes, they employed the
(Cr+Y + La)/ (Ba + Sr) and P/S, Zr/Ti, and (Cr + Nb)/ (Ti + Fe) ratios. The origin of kaolin
deposits is related to widely different geochemical environments, such as hydrothermal
alteration (primary), weathering (residual and leaching), sedimentary (secondary), and
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crystallization from colloids having the chemical composition of kaolinite (Youssef, 1996;
Wilson, 2004). The formation of kaolinite in association with free oxides and hydrated oxides
of aluminum, iron, and titanium is the characteristic of lateritic weathering in humid tropical
and sub-tropical zones. Moreover, in dry seasons, in tropical regions, aluminum hydroxide
precipitated from the clay minerals in an insoluble form and accumulates at or near the
surface as kaolin. Geoscientists have been paying close attention to the geochemistry of
kaolin deposits to better understand the processes at work in these sediments, including their
origin, and natural processes, along with a summary of the major and trace element
distribution in these sediments. (Zhang, et al., 2001).

According to Khoury (2002) and Khoury, et al. (2008), claystone that is smaller than 2
m in size frequently contains a mixture of various rock fragments and clay minerals. The most
widespread clay mineral is called kaolinite, and it is a 1:1 layered silicate made up of
alternating layers of [Si2Os]2- and [Al2(OH)a]2+. Si2Al20s(OH)a is the theoretical formula for
kaolinite (frequently expressed as Al203.2Si02.2H20). Kaolinite is found in kaolin deposits
alongside other clay minerals such as smectite and illite (Correia, et al., 2005). Secondary
sedimentary kaolin deposits are composed of sedimentary clay-rich rocks, while primary
kaolin deposits were formed in situ by modification of igneous and/or metamorphic
protoliths. Many different lithologies including kaolinite produce kaolin deposits (e.g.,
Murray and Keller, 1993; Pruett and Pickering, 2006; Murray, 2007).

The studied kaolin deposits are visible as well-developed intercalated layers in the Early
Cretaceous Malha Formation, rising to 2.4 meters. The reserves of sedimentary kaolin
deposits of the Abu Darag district, reach up to >54 Mt. Investigating how the exposed kaolin
deposits in the Abu Darag region, were formed is the goal of the current study. The study area
lies between longitudes 32°00" and 32°35' east and latitudes 29°00' to 29°35' north (Fig. 1).

Geological Outline

The exposed section was investigated in the Abu Darag region, which is a few
kilometers west of the asphalt Suez-Zaafarana route and about 125 kilometers south of Suez
City. Furthermore, the asphalt Suez-Ras Gharib road's Wadi Araba stretch lies 52 kilometers
to the west of it (Fig. 1).

The Northern and Southern Galalah Plateaus, as well as the upstream section of Wadi
Qena, are excellent locations for exposing the Malha Formation (Abdallah and Adindani,
1963). Wadi Malha, on the western shore of the Gulf of Suez, is the type locality of the
formation officially known as the 'Malha Formation' that was reported by Abdallah and
Adindani (1963).

Different lithological rock units with ages ranging from Carboniferous to Eocene are
present in the area under study and are covered by Quaternary deposits as shown in the
geologic map (Fig. 1). The Aptian-Albian Malha Formation represents a predominantly
clastic facies sedimentation in the area. The studied kaolin deposits intercalated within the
varicolored sandstone which is related to the Malha Formation. In the studied region, a wavy
continuous unconformity denotes the lower contact between the Malha Formation and the
Qiseib Formation underneath it. This contact is shown by a band of paleosols, while the upper
contact with the Galala Formation underneath it is indicated by an uneven continuous
unconformity.

The sandstone of the Malha Formation is moderately hard to hard, planar, and tabular
cross-bedding with iron oxide patches. The studied successions were formed mainly of thick
clay, and sandstone was found as layers free of any calcareous material or fossils (Fig. 2).
This sandstone bed is intercalated with thick laminated kaolinitic clays, ranging in color from
grey-yellow to reddish. The studied district is close to the basement rocks that are rich in
feldspar minerals.
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Fig. 1. Location and geological map of Abu Darag district, western side of the Gulf of Suez, Red Sea
(Modified after Scheibner, et al., 2003).

Materials and Methods

To determine their mineralogical and geochemical features, 26 samples were taken from
three exposed sections. The chosen samples were evaluated using a Philips-type PANalytical
Equipment Model X-Pert-PRO automated powder diffractometer system with a Ni-filter, a
Cu-radiation (=1.542) of 45 kV, and 35 mA. The peak of the reflection occurs between 20 and
600. High Score Plus software was used to control the generator, and the PDF/ICCD database
was utilized to enable peak recognition. Using a model "Philips Pw/2404" of 30 kW, X-ray
fluorescence (XRF) analysis was utilized to evaluate the chemical content of the primary
oxides and trace elements in the selected claystone samples. XRD and XRF tests were carried
out at the central laboratory division of the Egyptian Geological Survey in Cairo, Egypt.

The selected major and trace elements were standardized to the upper continental crust
(UCC; Taylor and McLennan, 1985) to differentiate between the composition of the source
rocks and the trend of elemental fluctuations relative to the UCC. The Post-Achaean
Australian Shale (PAAS) values were also utilized for comparison when it was practical.
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Ternary (A-CN-K and A-CNK-FM) diagrams were provided by Nesbitt and Young
(1984, 1989) to understand their mineralogical constituents and weathering trends. To
estimate the chemical maturity trend as a function of climate, a bivariate diagram is used to
plot SiO2 against Al203 + Na2O + K20, among other variables (Suttner and Dutta, 1986).
Additionally, chemical maturity can be determined using the ternary (5Al>03-SiO2-2Ca0)
diagram (Brumsack, 1989). Roaldest (1978) introduced the link between (K20/Al>Oz3) against
(MgO/Al205) to distinguish between marine and non-marine deposits.

SiO2 vs. log (K20/Na20) and (Zr vs Ti) plots can be used to determine the tectonic
background and unknown genesis of kaolin deposits (Hayashi, et al., 1977; Roser and Korsch,
1986, respectively). The ratio of Al,O3 to TiO2 was plotted to ascertain the makeup of the
source rocks (Hayashi, et al., 1977). A scattered plot (Al203-SiO2-Fe203) ternary diagram is
used to assess the degree of kaolinization (Aleva, 1994). The degree to which feldspar has
been transformed into aluminous weathering products is determined by the chemical index of
alteration (Nesbitt and Young, 1982, 1984). The plagioclase index of alteration can be used to
quantify diagenesis-related source area weathering and elemental redistribution. This
indicator can be utilized to determine the degree of chemical reactions and was modified from
the CIA equation to monitor plagioclase (Fedo, et al., 1995).
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Fig. 2. Lithostratigraphic columnar sections of the Lower Cretaceous sedimentary sequence in the Abu
Darag area, western side of the Gulf of Suez (Abu Darag and Wadi Araba 1 and 2).



72 Hatem M. El-Desoky, etal.......
Results
Field geology

The Lower Cretaceous clastic beds of the Malha Formation in the Abu Darag region,
are made up of ferruginous, trough cross-bedded sandstones. In the alternative, together with
green silty shales and kaolin interbeds, which were more common in the lower section of the
formation. Numerous major and minor faults with lengths ranging from a few meters to 10
kilometers and a dominant direction. Lines are running NW-SE close to the Gulf of Suez in
this region (Fig. 1). The Malha Formation rests erratically on the Qiseib Formation in the
research region (Lower Carboniferous, Fig. 2; Farouk 2016). The Galala Formation lies
unconformably above the Malha Formation with sharp vertical facies changes. It consists of
calcareous mudstones, shale, and thin layers of fossiliferous limestone. The kaolin deposits’
thickness varied in the study area from 1 to 10 meters. In another word, the existence of a
ferruginous sandstone bed that forms the marked bed between the kaolin thin layer and their
overlying sandstones distinguishes the upper surface of the kaolin beds. The examined
successions are primarily composed of thick strata of clay and sandstone that do not include
any calcareous material (Figs. 2 and 3). The lower bed is composed of cross-bedding and
thin-lamination fine, medium, and coarse-grained sandstones. This sandstone deposit contains
kaolinitic clays that range in color from grey-yellow to reddish. A dense, layered sequence of
red color distinguishes the clayey strata.

Mineral composition

The x-ray diffraction analysis demonstrates that the examined kaolin samples are
mostly made of the mineral’s quartz and kaolinite, with minor amounts of accessory minerals
(e.g., hematite, albite, gypsum, and anatase; Fig. 4). The non-clay (quartz) mineral is found as
detrital grains that are the result of the Pre-Cambrian basement rocks' chemical weathering.
Gypsum can only be seen in the Wadi Araba section, where it is a minor mineral in the
bottom portion of the sample (WAZ2) and a large ingredient in the top part (WAS) (Figs. 3 and
4). In all the samples that were examined, hematite was listed as a small component (Fig. 4).
Albite is found as a minor component mineral in the Wadi Araba section (samples WAL,
WA2, WA3, WA5, WAG6, and WAS8) and the Abu Darag region (samples AD1, AD2, AD9,
AD10, and AD11) (Fig. 4). On the other hand, XRD shows that kaolinite is the main clay
mineral in the samples under investigation (Fig. 4).
Geochemical behavior of elements

The geochemical characteristics of the samples under investigation were evaluated
using XRF techniques to ascertain the distribution of both the significant oxides and trace
elements. These results showed that the examined samples were made up of major oxides
(SiO2 and Al>QOz3) as significant constituents, while trace oxides (MgO, CI, P05, and SOs)
and alkali elements (e.g., CaO, Na20O, and K20) were also present and came from various
sources (Table 1).

The average SiO2 concentration (57.24%) is lower than several other works' median
frequencies (e.g., Gromet, et al., 1984; Taylor and McLennan, 1985; Condie, 1993; Sayin,
2007; Okunlola and Idowu, 2012; Grecco et, al., 2012) that were provided in Table (2).
Additionally, the average Al>Os concentration was lower (23.51%) than that of (Montes, et
al., 2002; Wilson, 2004; Baioumy and Gilg, 2011; Khater, et al., 2013; Saber, et al., 2018; El
Nagar and Khater, 2019).



Fig. 3. Field photographs showing (A) open cast mining of kaolin mineral in the Abu Darag section, (B)
ferruginous kaolinitic clay at the Wadi Araba section, (C) lenses of intercalated glauconitic bed in the
Wadi Araba section, (D) surficial weathering of kaolinitic clay at Wadi Araba section.

Al>O3 has a significant negative relationship with SiO2 (r= -0.83; Fig. 5a; Table 3), but
a positively significant correlation with LOI and TiO2 oxide. Contrarily, SiO2 exhibits a
substantial negative association (r=-0.89, -0.60, and -0.83, respectively) with LOI, Fe.O3, and
TiO2 oxides, while, SiO> exhibits a substantial negative association (r= -0.89, -0.60, and -
0.83, respectively) with LOI, Fe>0s3, and TiO2 oxides (Fig. 5d, e, and f; Table 3). Ca, Na, and
K contents in the investigated samples were low, with average concentrations of 0.17, 0.34,
and 0.82, respectively (see Table 1). Al203/SiO. ratios and LOI show a high positive
connection (r= 0.91; Fig. 50).

The SiO2/Al>O3 ratio for the tested clay samples varied between 1.74 and 7.51. (With a
2.64 average). On the other hand, the Al,O3/SiO> ratio varied from 0.13 to 0.58. With a
variance of 0.42 (Table 1)

Strontium and barium depletion are present in all of the samples being examined. (with
an average of 113 and 273 ppm, respectively) in Table (2). Additionally, Sr exhibits a
negligibly low correlation with Al.O3 and SiOz (r= -0.11). Ba, on the other hand, has a weak
correlation with SiO2 (r=-0.21) and a weak correlation with Al,Osz (r= -0.23) Table (3).
Zirconium is more abundant in the examined samples (with an average concentration of 258
ppm), and it correlates negatively with SiO> (r=-0.61) and favorably with Al>Os.
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Geochemical parameters

According to Fig. 6a, which shows the examined samples represented on the (Al.Os-
CaO*+Na20-K0) ternary graph, all of the samples are placed in the Al.O3 (100%) zone at
the top of the (A-CN-K) diagram, demonstrating the prevalence of aluminous clay minerals in
the samples. All of the analyzed kaolinitic clay samples were shown to be represented at the
A top of the A-CNK-FM graph, which represents the kaolinite and gibbsite groups (Fig. 6b).

The analysis of the ternary (5Al203-SiO,—2Ca0) diagram reveals that the samples
under investigation fall inside the clay mineral zone at the top of the Al203-SiO> border (Fig.
6¢). However, the binary diagram plotting SiO2 against Al2O3+Na20+K20 reveals that all of
the examined samples, except for three that are plotted within the semi-humid field, are
plotted within the semi-arid field and exhibit only minor chemical weathering and maturation
(Fig. 6d). The results reveal that all of the examined samples are displayed in the non-marine
field using the relationship among K2O/Al>03 and MgO/Al.O3 (Fig. 6e). A bivariate chart
showing the analyzed samples' zirconium against titanium oxide plot reveals that they range
from felsic to intermediate igneous rocks (Fig. 6f). The observations of charting SiO vs. log
(K20/Na20) show that the majority of the analyzed kaolin samples are connected to the active
and passive continental boundaries, with only two samples falling within the island arc field
(Fig. 6g). The analyzed sample's predecessor rocks appear to be predominantly basalt with
minor admixtures of rhyolite or granite, according to a plot of Al,O3 against TiO (Fig. 6h).
The results of the dispersed plot (Al.O3-SiO2-Fe QO3) ternary diagram revealed that all of the
samples examined belong to the kaolinite and bauxitic kaolinite areas (Fig. 6i). The samples'
Al>0s3/TiO; ratios, which are associated with felsic igneous rocks, ranged from 18.15 to 38.34
(with an average of 23.97; Table 1).

Paleo-weathering conditions

The structure of the parent bedrock, the period of erosion, the climate, and the rate of
continental uplift at the source location all play a significant role in determining how much
chemical weathering of the source rocks occurs (Wronkiewicz and Condie, 1987). Since Ca,
Na and K are mostly depleted from source rocks during chemical reactions, the amount of
these elements in sediments created from the rocks acted as a barometer for the weathering's
intensity (Nesbitt, et al., 1997). In feldspar and recent source rocks, the typical CIA ratio is
50, which indicates early weathering. Because of the severe weather, the CIA is greater than
80. It can get as high as 100 in residual weathering products like kaolinite and gibbsite. Low
CIA levels, however, are due to cold, arid circumstances, which result in fewer chemical
alterations. CIA is a weathering range of 60 to 80. The molecular ratios in the following
equation can be used to get this index:

CIA = [Al,03/ (Al,03+Ca0O*+Na,0+K>0)] *100 (Eq. 1)

In this work, the CIA values are close to 100, as shown in Table 1. The CIA results of
each sample under examination range between 77.75 and 99.34. (with an average of 94.60).
The analyzed samples' CIW index values are greater than CIA values due to the absence of
K20 from the index (Table 1). The following examples demonstrate how to compute source
area weathering and elemental redistribution during diagenesis using the alteration's
plagioclase index:

PIA = [(Al203-K20) / (Al,0s+Ca0*+Na,0-K-0)] *100 (Eq. 2)

Reduced PIA values (less than 50) are associated with unweathered or fresh rock
samples, whereas high PIA values (> 84) would imply a significant intensity of chemical
weathering. In all the examined samples,’ PIA values range from 78.28 to 99.93. (with an
average of 98.03; Table 1). According to CIA and PIA values, the investigated kaolin deposits
show a high degree of chemical weathering.
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Fig. 4. XRD pattern of the studied samples at the Abu Darag and Wadi Araba sections in the Abu Darag area. Note the mineral abbreviations for rock-forming minerals taken

from Kretz (1983); Whitney and Evans (2010).
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Table 1. Whole-rock geochemical compositions of the studied kaolin samples (major oxides % and trace elements ppm) with some geochemical ratios

ssamples AP AD AD AD AD AD AD AD AD AD AD AD WA WA WA WA WA WA WA WA WA WA WA WA WA WA

1 2 3 4 5 7 9 10 11 12 13 14 11 12 13 14 15 16 211 22 213 214 2/5 206 2[7 28
Sio, 56.5 772 543 541 835 519 514 579 509 519 463 524 541 57.9 534 586 576 569 656 558 558 549 565 671 532 528
TiO, 111 050 1.04 113 029 127 119 131 121 1.06 090 1.04 1.02 104 106 1.02 116 124 067 113 107 103 109 063 109 1.03
Al,O4 245 149 265 256 111 299 271 291 255 246 214 284 252 235 253 210 223 225 192 231 236 269 238 163 275 223
Fe,0s 855 306 690 901 267 550 870 137 122 118 152 590 931 859 105 103 104 102 730 957 108 6.30 894 816 7.33 823
MnO 001 001 001 001 001 001 001 001 001 001 001 001 001 001 001 001 001 001 001 001 001 001 001l 001 001 001
MgO 049 001 025 008 001 001 008 006 008 020 001 005 08 095 058 098 092 097 122 08 070 075 079 097 045 123
CaO 001 001 001 001 001 001 001 001 001 001 001 001 001 001 001 001 001 017 001 043 001 001 001 001 001 366
Na,0 001 001 001 001 001 001 001 001 001 066 58 145 001 001 001 001 020 036 001 001 001 001 001l 001 001 003
K0 073 072 054 067 064 018 055 097 083 069 026 029 091 107 068 095 108 102 169 111 101 101 108 114 060 099
P,Os 001 001 001 002 001 001 001 001 001 001 001 001 001 001 001 001 001 016 001 001 001 001 001l 001 001 001
Cl 001 001 001 001 001 001 001 001 001 003 010 004 001 001 001 001 001 001 001 001 001 001 001l 001l 001 001
SO, 003 001 001 001 002 001 001 001 003 001 001 001 001 002 001 003 002 004 003 013 001 001 001l 009 003 089
LOlI 778 328 102 916 149 109 10.6 914 891 875 9.63 102 820 6.64 811 6.80 6.0l 611 405 7.63 682 886 753 525 950 855
Total 99.8 998 99.8 997 99.8 99.8 99.7 999 998 997 997 998 997 998 998 997 998 997 998 997 998 997 997 997 997 997
V 158 47 163 186 34 179 132 154 217 181 251 140 225 168 177 163 178 163 89 167 172 184 169 87 188 159
Cr 144 41 132 107 333 189 119 117 107 111 114 116 127 114 139 138 135 127 79 124 126 139 126 130 157 120
Zn 66 15 45 45 22 31 49 35 50 58 60 38 70 60 49 81 64 68 94 72 69 66 70 84 47 6l
Co 33 3 26 35 29 19 33 1 42 4 55 19 38 31 37 41 39 35 29 37 38 23 42 35 29 34
Sr 109 25 55 63 19 35 50 61 62 56 50 47 98 94 76 122 85 165 67 213 79 83 63 250 56 856
Zr 279 146 298 365 83 246 391 472 478 252 330 378 210 185 197 175 210 213 148 255 221 262 215 183 227 286
Ba 315 121 223 234 79 293 220 317 245 335 157 200 250 742 206 326 291 310 299 268 271 289 270 310 261 263
CIA 97.1 953 97.9 97.4 944 993 979 967 968 948 778 942 964 956 973 956 945 936 918 937 958 963 959 934 978 827
ICV 040 026 029 038 030 019 035 008 052 055 100 027 044 045 047 058 057 057 053 052 053 030 046 063 031 063
CIw 99.9 998 999 99.9 998 999 999 999 999 973 785 951 999 999 999 999 991 977 999 981 999 999 999 998 999 858
PIA 99.9 998 999 999 998 999 999 999 999 973 783 951 999 999 999 999 990 976 998 980 999 999 999 998 999 853
ViCr 110 115 123 174 010 095 111 132 203 1.63 220 121 177 147 127 118 132 128 113 135 137 132 134 067 120 133
SiOJALOs 230 516 205 211 751 174 190 199 200 211 216 185 215 246 211 279 258 253 343 242 237 204 237 411 193 237
AlLOy/SIO, 043 019 049 047 013 058 053 050 050 047 046 054 047 041 047 036 039 040 029 041 042 049 042 024 052 042
K:ONa,O 73 72 54 67 64 18 55 97 83 1 0 0 91 107 68 95 5 3 169 111 101 101 108 114 60 33
K:O/ALO; 003 005 002 003 006 00l 002 003 003 003 001 001 004 005 003 005 005 005 009 005 004 004 005 007 002 0.04
ALOSTIO, 221 299 255 226 383 235 228 222 210 232 238 273 247 226 239 206 192 182 286 204 221 261 218 259 253 217
TiOJALO; 005 003 004 004 003 004 004 005 005 004 004 004 004 004 004 005 005 006 003 005 005 004 005 004 004 0.05
MgO/Al,O; 002 000 001 000 000 000 000 000 000 001 000 000 004 004 002 005 004 004 006 004 003 003 003 006 002 0.06

* Note: AD = Abu Darag section and WA = Wadi Araba section



Geochemical Parameters for Evaluating the Aptian-Albian Kaolin Depgsits at Abu Darag Region...... 77
Table 2. Average major oxides (wt. %) and trace elements (ppm) in the studied samples compared with other international works

Oxides Si0;  TiO, AlLO; Fe;03 MnO MgO CaO Na,O KO LOI \ Cr Zn Sr Zr Ba

Pettijohn (1957) 58.10 0.60 1540 4.02 Na 240 310 130 324 Na Na Na Na Na Na Na
Turekian and Wedepohl (1961) 5850 0.77 1500 6.7 Na 250 310 310 12 Na 130 90 95 300 160 580
Wedepohl (1978) Na 0.9 16.7 4.8 Na 3.3 3.3 0.6 6.8 12.1 110 14 100 359 167 360
NASC — Gromet, et al. (1984) 6482 080 17.05 5.70 Na 2.83 3.51 1.13 3.97 Na 130 125 Na 142 200 636
PAAS - Taylor and McLennan (1985) 6240 099 1878 7.18 Na 219 129 119 368 Na 150 Na 85 200 210 650
Condie (1993) 63.6 0.82 17.8 5.89 Na 2.3 1.3 11 3.84 Na 117 Na Na 136 201 551
Montes, et al. (2002) 4158 169 3735 437 Na 0.01 0.02 0.02 0.01 15.23 Na Na Na Na Na Na
Wilson (2004) 44 0.27 3813 0.37 Na 0.23 0.45 0.31 0.30 16.13 Na Na Na Na Na Na

Sayin (2007) 64.7 0.30 2474 0.66 0.10 0.09 0.06 0.22 0.76 8.14 78.3 308 26.33 1464 308 664

Baioumy and Gilg (2011) 48.20 2.8 35 1.26 0.01 0.24 0.07 0.14 0.03 12,60 415 435 68 38 1296 66
Baioumy, et al. (2012) 58.63 1.77 2151 492 0.04 0.6 0.09 0.7 0.9 10.20 176 Na 124 177 246 159
Okunlola and Idowu (2012) 61.26 1.74 1655 3.75 Na 0.16 0.05 0.06 1.39 Na 109 Na 1164 59.39 1157 394
Grecco, et al. (2012) 74 0.16 1833 0.13 0.01 0.12 0.11 0.05 0.04 6.95 374 20 30 795 101 1239
Khater, et al. (2013) 4986 088 3410 0.30 0.01 0.26 0.09 0.03 0.02 1344 Na Na Na Na Na Na
El-Kammar, et al. (2017) 56.29 2.08 2816 2.05 Na 0.16 0.27 0.13 0.42 10.07 189 Na Na 144 Na Na
Saber, et al. (2018) 4095 324 36.08 534 Na 0.91 0.12 0.33 0.04 Na 360 109 Na 66.10 1206 28.62

El Nagar and Khater (2019) 4986 088 3410 0.30 0.01 0.26 0.09 0.03 0.02 1344 Na Na Na Na Na Na
Khater and El Nagar (2019) 56.33 373 2761 132 Na 0.06 0.18 0.08 0.04 10.17 Na Na Na Na Na Na
Present work (2022) 5724 101 2351 834 0.01 0.52 0.17 0.34 0.82 7.70 159 131 57 113 258 273

*Note: Na related to not analyzed
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Table 3. Pearson correlation coefficient matrix for the major oxides and trace elements in the studied clay samples.

Si02 TiO2 ARO:3 Fe20: MnO MgO CaO NaxO KO P0Os ClI SO3 Lol \Y Cr Zn Co Sr Zr Ba
Si0;  1.00
TiO, -0.83 1.00
Al,O; -0.83 0.88 1.00
Fe,Os -0.60 0.32 010 1.00
MnO 000 0.00 000 0.00 1.00
MgO 002 001 -019 024 0.00 1.00
CaO -012 003 -006 001 0.00 036 100
Na,O -032 -0.07 -004 045 0.00 -0.29 -0.06 1.00
K:O 029 -013 -0.32 0.01 000 079 013 -042 1.00
P,Os -0.01 020 -0.04 013 000 0.20 0.00 0.00 0.12 1.00
Cl -0.33 -0.08 -0.01 044 000 -034 -0.07 099 -046 -0.06 1.00
S03 -009 000 -010 002 000 039 100 -0.06 016 -0.02 -0.07 1.00
LOI -089 077 09 025 000 -0.31 0.07 022 -053 -013 025 0.04 1.00
\ -089 073 067 067 000 0.02 000 037 -022 002 036 -002 071 1.00
Cr 034 -0.27 -024 -027 000 -0.17 -0.05 -0.10 -0.26 -0.02 -0.11 -0.05 -0.22 -0.22 1.00
Zn -023 011 -007 054 000 081 007 000 069 012 -0.02 012 -010 0.24 -0.27 1.00
Co -012 -017 -038 081 000 020 003 039 004 004 037 0.04 -017 028 -016 038 1.00
Sr -011 0.03 -011 0.08 000 052 09 -010 026 006 -0.12 098 0.02 000 -009 026 0.07 1.00
Zr -061 062 066 010 000 -047 005 020 -0.33 -008 022 004 073 046 -030 -022 -0.27 0.00 1.00
Ba -021 034 023 013 000 045 -002 -022 038 006 -021 000 007 021 -021 0.38 -0.12 0.08 -0.06 1.00
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Fig. 5. Inter-elemental relationships between major oxides (wt. %) and trace elements (ppm) of the analyzed
kaolin samples.

Whole-rock geochemistry

The examined kaolin samples' geochemical analysis revealed significant concentrations of
Si02 and AlO3, which indicated poor kaolinite and high quartz contents (Table 1). Quartz and
kaolinite were the two main elements of the investigated kaolin samples that the XRD analysis
was able to identify. These samples contain detrital quartz grains that are made up of different
materials. According to geochemical data, there isn't much Al>Os in the area. This is indicated by
a strong negative correlation between Al2O3 and SiO2 (r = -0.83), which is an indication of the
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little impact that feldspar weathering, dissolution, and partial silica migration have under high
pH environmental conditions.
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Plagioclase, quartz, and clay minerals can all be found together, which suggests a
connection between the two. On the other hand, the Al>O3 content of shale may be connected to
the preferred assimilation of aluminous clays (Al-Juboury, et al., 2021). Neutral weathering
begins with the complete dissolution of feldspars in an ionic solution. In contrast to silica, which
cannot be removed from the acid solution (pH 4), aluminum may be precipitated from it with a
high degree of purity (Rankama and Sahama, 1950; Goldschmidt, 1954; Cox, 1995). Not linked,
demonstrating that clay minerals have no impact on detrital silicates, the predominant type of
SiO2 (Wang, et al., 2017). The ability of Al to be substituted by Fe and Ti ions may be connected
to the presence of TiO2 and Fe203 in the samples under investigation. Fe is found in the form of
Fe-oxides, and Ti is found as anatase, according to XRF and XRD measurements (Fig. 4 and
Table 1). Due to their isolated nature and lack of involvement in the development of the kaolinite
structure, Ti and Fe appear to be distributed randomly. Due to their isolated nature and lack of
involvement in the development of the kaolinite structure, Ti and Fe appear to be distributed
randomly. On the other hand, higher Fe>Os content is linked to more basic ancestors, while
higher Ti concentration is linked to younger Neogene basaltic dykes.

Kaolin clays derived from mafic parent materials often contain high TiO> concentrations
because weathering significantly removes silica and alkali ions. The Fe and Ti oxides may be
slightly related to the fine grains fraction or may exist in distinct later phases, according to the
positive relationship between Al>Oz and the two oxides. Because Si is present but Fe and Ti are
not, these elements may be coated on quartz grains (Masoud, et al., 2013). The strong negative
connection of L.O.I vs. SiO2 and the large positive correlation of L.O.I toward Al>O3 indicate
that clay minerals are the main source of L.O.I. Al/Si ratios also show a substantial positive
correlation with the L.O.I value, indicating that they might be used as a kaolin quality indicator.
Al/Si ratio is still less than the value of 0.85 even if it is lower than the value of 0.85 that was
assigned to flawless kaolin (Schroeder, et al., 2004; Ga'miz, et al., 2005).

The low concentration of alkali elements (such as Ca, Na, and K), Sr, and Ba in the study
samples is indicative of the depletion of these elements. This may be because some feldspar
crystals have not yet undergone the transformation into clay minerals, and these elements have
high mobility (McLennan, et al., 1983; Saber, et al., 2018). The examined materials' SiO2/Al.03
ratio (2.64) (Table 1) is nearly identical to that of pure montmorillonite (Felix, 1977). He claimed
that although pure montmorillonite has a range of 2.80 to 3.31, pure kaolinite has a Si/Al ratio of
approximately 1.18. The chemical maturities of the examined samples range from dry to semi-
arid climatic zones and barely reflect chemical weathering and maturity. Different levels of
weathering and climatic change in the studied samples could be the reason for the scattering of
the displayed samples. The A/CN/K plot indicates an intermediate weathering history with
gabbros, tonalities, and granodiorite trends, but the A/CN/K plot defines a non-homogenous
source between the weathering trends of basaltic and granitic rocks and is moderately influenced
by chemical weathering (Algahtani and Khalil, 2021). The Early Cretaceous (Aptian-Albian) era
of the research area, which is a region of Northeast Africa, saw a progressive change in the
paleoclimate from tropical to desert, as evidenced by the paleoclimatic maps from Chumakov
(1995), which are displayed in Hay and Floegel (2012) and those from Boucot, et al (2013).
According to the examined samples from the non-marine field, the studied materials were either
deposited under oxidation or supergene continental conditions. Clays having a high TiO2/Al>,O3
ratio, according to Migdisove (1960), are a symptom of a humid climate.
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This ratio ranged from 0.03 to 0.06 (with an average of 0.04) for the examined samples,
indicating an arid climate, which is in line with the fact that Ti is of terrigenous origin and
largely related to clay minerals. TiOz is generally found distributed throughout clays as separate
minerals, which include rutile and anatase since Ti can replace Al (Degens, 1965), or be mixed
into kaolinite (Dal, et al., 2015). An XRD examination of the investigated materials revealed the
accessory mineral anatase (Fig. 4). Older sediments' K>O/Al>Oz ratios can be used to ascertain
their original composition. K2O/Al>Os ratios in clay minerals and feldspars vary (0.0 to 0.3 and
from 0.3 to 0.9, respectively; Cox, et al., 1995). The average K.O/Al,Oz3 ratios of the studied
samples range from 0.01 to 0.09 and are consistent with clay minerals (with an average of 0.04;
Table 1).

Various authors have utilized the V/Cr ratio as a sign of paleo-oxygenation. Anoxic
depositional circumstances are assumed to be represented by V/Cr values > 2, whilst more
oxidizing conditions are thought to be represented by V/Cr values 2. (Dill, et al., 1988) The
studied kaolin samples have a V/Cr value that ranges from 0.10 to 2.20 (with an average of
1.30), which suggests that these sediments were generated under more oxidizing circumstances,
as seen by the high vanadium and low chromium values. The high vanadium values are
explained by the fact that clay minerals are generated when igneous rocks weather and that some
vanadium in marine hydrolysate deposits may be bound in clay minerals (Goldschmidt, 1954).

The relatively limited mobility during sedimentary processes, trace elements like La, Y,
Sc, Cr, Th, Zr, Hf, Nb, and especially TiO2 among other significant elements are best suited for
provenance and tectonic setting determination studies (McLennan, et al., 1983). Moreover, by
comparing the relative distribution of immobile elements with different concentrations in felsic
and basic igneous rocks, such as La and Th (enriched in the felsic igneous rocks) and Sc, Cr, and
Co (infused in the basic igneous rocks relative to the felsic igneous rocks), it has been possible to
determine the relative contributions of felsic and basic sources in shales from different tectonic
environments (Wronkiewicz and Condie, 1987).

The source rock for the samples under study was predominately basalt, with minor
admixtures of rhyolite and granite. High rainfall, gentle slopes, a fluctuating water table, and
quick water percolation caused these source rocks to condition and change quickly into kaolinite
and quartz minerals (Murray and Keller, 1993). The analyzed samples’ Al2Os/TiO; ratio is
greater than 21, which points to the source rocks' felsic igneous origin. The high and/or extreme
chemical weathering of their sources is reflected in the CIA readings, which have an average of
94.60. The high CIA values of the examined kaolin samples reveal the elimination of extremely
immobile or stable residual constituents (such as Al and Ti) relative to mobile or unstable cations
(such as Ca, Na, and K) during weathering (Nesbitt and Young, 1982; Hiroaki and Bah
Mamadou, 2016).

The PIA index demonstrates that during source weathering, transport, sedimentation, and
diagenesis, feldspars were chemically worn and damaged significantly. Fedo, et al. (1995) refer
to the high PIA values found in plagioclase, which is significantly chemically weathered. During
the initial stages of weathering, Ca is leached more quickly than Na and K. With an increase in
the K/Na ratio (K20/Na0), the overall alkali content (K20 + Na2O), which decreases with more
weathering, increases. This is because plagioclase is being eliminated more effectively than K-
feldspars while feldspars are being destroyed (Nesbitt and Young, 1984). The individual graphs
of K/Na, K+Na, Na, K, and Ca against PIA, according to Christopher, et al. (2017), show the
mobility of elements during the last stage of chemical weathering of altered feldspars. The
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bivariate graphs of Ca, Na, and K against PIA display the behavior of alkali elements during the
chemical weathering of feldspars in the studied samples (Fig. 7a).
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Fig. 7. (a) Relationship between PIA against Ca, Na, and K, (b) Bivariate plotted diagrams between PIA vs.
K20/Naz0, (c) Plotted diagrams between PIA against K:O+Na20, (d) Binary plot of CIA vs. Ti/Al diagram,
(e) CIA against Al/Na, (f) Scatter plots bivariate diagram of CIA vs. Ti/Na, (g) CIA vs. K/Na, (h) CIA against

P1A, (I) CIA vs. CIW for the studied samples (after Christopher, et al., 2017).

Consequently, a plot of K/Na vs. PIA (Fig. 7b) showed that the K/Na levels in the
examined samples frequently increase with a high value of PIA, whereas a plot of K+Na against
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PIA reveals that, in the majority of the samples, the total content of alkalis declines with
increasing PIA values. (Fig. 7c). The relationship between alkali elements (Ca, Na, and K) and
PIA revealed an occurrence of highly anomalous in some samples. These findings show that the
examined samples contained trace levels of albite and gypsum minerals, which were detected by
XRD (Fig. 4).

The index of chemical weathering (CIA) has been linked to the elemental ratios Ti/Al,
Al/Na, Ti/Na, K/Na, PIA, and CIW, according to Schneider, et al., 1997; Roy, et al., 2008; and
Perri, 2014 (Fig. 7d to 7i). These ratios are used as indications of the intensity of chemical
weathering. There are three categories for chemical weathering intensity: (no silicate weathering,
low silicate weathering, intermediate silicate weathering, and intense silicate weathering). The
relationship between the CIA and the Ti/Al, Al/Na, Ti/Na, and K/Na ratios shows that the degree
of weathering has increased from low to primarily intense (Fig. 7d-g). Additionally, CIA values
have more intense weathering compared to PIA and CIW values (Fig. 7h-i). CIA values of the
studied samples don't show any linear relationship concerning elemental ratios. The intensity of
source area weathering can be roughly estimated using these elemental ratios.

Conclusions

The current study allows for summarizing the following conclusions: The study area has a
large reserve of kaolin deposits-roughly 54 million metric tons. It is thought that the source rocks
of these kaolin deposits are the Precambrian basement rocks discovered in the vicinity of the
research area, which were transported beyond the sedimentary basin to the north. Additionally,
non-marine (fluvial) depositional settings are considered to be depositional environments. It
shows that the materials under study where were left close to the Red Sea's coastal plain and
experienced weak to moderate chemical weathering as well as severe physical induration, largely
in non-marine environments.

The chemical markers of alteration reflect the substantial weathering of the parent rocks
(CIA). With fluctuating water tables and ready water percolation, these weathering conditions
point to a somewhat warm and humid palaeoclimate. Interestingly, the associations between the
average CIA values and the average Al,O3 content were strongly negative. This pattern suggests
that the Al2O3 composition was influenced not just by weathering intensity but also by input
from several source rocks. According to geochemical data for main oxides and trace elements as
well as bivariate discriminating provenance diagrams, the Malha Formation clastic deposits were
primarily produced from felsic and intermediate igneous rocks, with a possible contribution from
quartz-rich crystalline provenance.
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