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The surface sediments of the coastal sabkha region in the
southern part of the Red Sea region in Yemen are studied
mineralogically and geochemically to determine their
provenance. Using the X-ray diffraction technique, the evaporite
minerals are identified in the sabkha area represented by gypsum,
halite, and anhydrite. Carbonate minerals are represented by
calcite, aragonite, and dolomite, whereas quartz and feldspars
represent non-evaporite minerals. Smectite, kaolinite, chlorite,
illite, and palygorskite are the predominant clay minerals, mainly
of detrital origin. Mineralogical assemblages present in the
sediments largely control the abundance and distribution of total
carbonates, organic matter content, and the major and trace
elements. Geochemically, the factor controlling the carbonate
content of the studied sediments includes the calcareous material
of biogenic and terrigenous components. However, the carbonate
content of the marine sediments varies from 8.96 to 41.70%, with
an average of 18.55%. The organic matter content of the
sediments is between 0.36 and 0.87%. The distribution of major
elements Fe, Ca, Mg, Na, K, and Mn and trace elements Cu, Zn,
Cd, Ni, Pb, and Co in the sabkha sediments of the study area vary
considerably and could be attributed to the sediment sources.
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Introduction

Sabkha deposits are one of the Arabic expressions to describe the recent sediments
with high salt content. The sabkha is of two types, either a coastal sabkha or an inland
sabkha within the continent. Coastal sabkhas are supratidal flat surfaces shaped by the
depositional overlaps of marine sediments, and the associated evaporites are derived from
seawater (Kinsman, 1969). The active sabkha is underlain through porous sediments that
supply groundwater as well as marine water to preserve place with the water lost through
evaporation at the surface (Purser, 1973).

The coastal sabkhas are of interest to many researchers than the inland sabkhas. On
the basis of morphological and hydrodynamic characteristics, Gavish (1980) classified
coastal sabkhas into two models; supratidal and sea marginal brine pans.

The recent coastal sabkha deposits are considered an outstanding phenomenon along
the Red Sea coast, however, they remained extraordinarily untouched and there is an
obvious lack of knowledge on mineralogy and geochemistry in these coastal environments.
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Therefore, the purpose of this research is to investigate the mineralogical and geochemical
characteristics of the sediments that were deposited in this coastal sabkha.

Study area

Yakhtul Sabkha is situated 160 km south of Hodeidah City, on the eastern coast of
the Red Sea of Yemen. This sabkha is parallel to the line of the coast (Fig. 1). Its length is

9.5 km and its maximum width is 2 km.
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Fig.1. Location map of the sediment samples in the studied Yakhtul sabkha and the

geomorphic features on the Red Sea coast.

The direction of the sabkha surface slope is towards the coast, and this sabkha is
separated by a wide beach ridge of coastal sand dunes (Fig. 2).
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Fig. 2. The boundary between Sabkha and the Sea. (A) Barren sabkha covered by evaporite
crust. (B) Vegetated sabkha around the barren sabkha.




Saeed Omar Wasel and Badir N. Albadran
The flat plain of the study area consists of muddy sand texture, which covers low
areas, valleys, and tidal flats. The percentage of gravel is about 1%, sand is about 86%, and

mud is about 13% (Wasel and Al-Zubieri, 2023). The areas surrounding the study area, are

covered with Pleistocene and Recent sediments, mainly made up of eolian sand and gravels
that were derived from the eastern Red Sea mountainous escarpment made up of basic
(basalt, andesite, andesitic pyroclastics), acidic (dacite and rhyolite) volcanic rocks, and
granitic rocks, particularly those of Tertiary age (El-Younsy et al., 2017). Several drainage
channels (wadis) flow westward into the Red Sea and occasionally disappear in Tihama.
The wadis are tremendously dry most of the year. They activate temporarily; therefore,
representing important channels for sediments and fresh water to the Red Sea coast through
incidental major floods (Fig. 1). These valleys are responsible for transporting the muddy
sand sediments to the coastal regions.

Climate

The climate of the area in the Tihama basin is very dry, where the average annual
rainfall is of 100-200 mm/year, and the humidity is about 60 percent. There are no
permanent surface streams discharging into the Red Sea, even though flash floods are a
widespread feature following torrential rains. In some places, the seepage of groundwater

is due to the wetting of the coast. This seepage of the groundwater happens close to the

surface and is lost through evaporation. Generally, the climatic conditions of the Red Sea
area are low rainfall and high temperatures.

The studied area is characterized by a hot and dry climate, with about 50 mm of rain
fairly well distributed throughout the year. The prevailing wind, in general, is almost NNW
and SSE (Edward and Head, 1987). The salinity of the water in Al-Khowkhah is like other
coastal areas along the Red Sea, ranging between 37.3%o and 38.73%o. The corresponding
surface water temperatures are between 32.10° C and 34.40° C (Rushdi et al., 1994). Both
the temperature and salinity values of the surface seawater could indicate the mixing
process of the water in the coastal area.

Material and Methods

Twenty-one sabkha samples are collected from the surface sediments. Most of the
collected samples are from the barren sabkha whose number is 14, while the selected
samples of vegetable sabkha are 7. The sampling in the study area, starts from 20 meters
apart from the coastline up to 500 meters. The sediments are rather solid because they are
covered with a thin layer of evaporites. Grain size analysis of the sediments show that they
are mostly muddy sand. X-ray diffraction (XRD) technique is applied to bulk minerals and
to each clay mineral. Twenty-one dried samples of muddy sand texture are powdered for
X-ray diffraction analysis. Seven samples are separated using a pipette method for clay
fractions analyses (Galehouse, 1971). Three steps of X-ray diffraction are carried out for
oriented samples; untreated, glycolated, and heated (550°C for 3 h), using a Philips X-ray
diffractometer at Assiut University with Cu Ka radiation, 45 kV, and 35 mA. Mineral
identification is based on the detection of the characteristic diffraction peaks using tables
of key lines listed by Chao (1969) and Chen (1977). The area under the peak of the biggest
intensity for each mineral present has been measured and the relative percentage of each
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mineral has been calculated according to Carver (1971) and Tucker (1988). This method
of calculation is doubled, once on the diffractogram for clay mineral assemblage alone, and
again for the diffractogram of the powdered total minerals assemblage alone.

Ten grams from ten dried samples are selected and crushed by agate mortar for the
geochemical analysis; total carbonates, organic matter, and some major and trace elements.

The amount of total carbonate is determined by treating the samples with 1 N HCI
acid. The remaining insoluble residue is determined to calculate the carbonate percentage.
Organic matter is determined by sequential weight loss at 550 °C (Dean, 1974).

Metal constituents are measured by Atomic Absorption Spectrophotometer using the
extraction method mentioned in Loring and Rantala (1992). Extractive analysis differs
from total digestion analysis, as the former represents the withdrawal of elements that
adhere to the mineral crystals only, while digestion analysis, is a complete crushing of all
minerals by a strong mixing of hydrofluoric and nitric acids. Therefore, the sum of the
elements represents the minerals themselves, as well as the elements that have adhered to
the crystals.

Field Observations

The sabkhas of the study area could be classified into barren and vegetated sabkhas.
The barren sabkha covers most of the central part of the topographic depression of the
sabkha. This sabkha is wet and composed of sand, halite crust, and mud, deposited on the
supratidal flat (Fig. 2A). The vegetated sabkha are covered by salt-tolerant halophytes that
can live in hypersaline conditions (Figs. 2B and 3E, F).

Fig. 3. Surface features of sabkha and sedimentary structures in the study area. A) Development
of tepee structure due to the displacive growth of evaporate minerals. B) Polygonal patterned surface
showing the orthogonal type of polygonal tepee structures. C) Wet zone along the sabkha margin with
the growth of small petee structures. D) Well developed petee structure due to the combination of the
physical forces of crystallization and the biogenic growth effect. E) Suaeda pruinosa in sandy sabkha
facies. F) Aeluropus massauensis in sandy and muddy sabkha facies.
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Field investigation has shown that the surface of the sabkha exhibits an elevated zone,
covered with a tepee structure (Figs. 3A and 3B). This zone is completely dry during
summer and wet during winter. The heights of the tepee structures vary from immature
types to mature types. During winter, the tepee structures like mega ripples, since the wind
is strong and a higher level of water-table leads to the wetting of sediments. The immature
tepees are small puffy halite structures near the saline ponds, whereas, mature types are
big, and their bedding is cracked into slabs, which show overthrusting. The tepee structures
may be resulted either from the instability between the underlying wet layers, due to
evaporative pumping, or the overlying rigid one resulted from the evaporation. The rupture
of crests of tepee structures in this zone could be increased with increasing the intensity of
crystals resulting in surface expansion (Kendall and Warren, 1987; Attia, 2013; Aref et al.,
2014). It is possible that the tepee would have been more developed if the salinity and
temperature were higher as the case of Khor Al-Zubair in southern Iraq (Albadran and Al-
Kaaby, 2021).

Some parts of the sabkha are covered by microbial mats (Fig. 3C and D), which are
produced by cyanobacteria in hypersaline environments (Cohen et al., 1977; Gerdes and
Krumbein 1987; Attia, 2013; Aref et al., 2014, Manaa and Aref, 2022). The intense
horizontal and vertical growth of cyanobacteria can alter the surface sediment properties,
where these cyanobacteria lead to produce structures called microbially induced
sedimentary structures (MISS). The growing microbial mats and the precipitated salt
crystals (gypsum, halite) could be responsible for the development of the petees structures
(Noffke, 2010 and Lakhdar et al., 2021). These structures are bio-sedimentary surface
structures completely different from abiogenic tepee structure. Both structures appear in
the study area (Fig. 3).

Results

The results of X-ray diffraction of the bulk samples are mentioned in (Table 1) and
the diffractograms are given in figure (4).

Table 1: Relative percentages of bulk minerals determined in sabkha deposits.

Sa& ple Quartz Orthoclase Plagioclase Calcite Aragonite Dolomite Gypsum Anhydrite Halite
1 12.45 1.60 8.77 7.60 4.68 13.20 38.70 0.60 12.40

2 25.40 1.20 4.35 411 2.10 6.28 32.14 6.52 17.90

3 10.40 0.00 1.30 8.20 0.00 11.20 48.60 0.00 20.30

4 15.93 6.71 10.30 1.90 1.40 0.00 35.60 7.76 20.40
5 20.30 0.00 3.93 9.77 6.20 0.00 40.30 2.30 17.20
6 17.95 8.36 10.00 14.30 4.90 0.00 28.30 0.00 16.20

7 15.70 0.00 6.20 12.40 11.20 2.70 38.40 0.00 13.40
8 17.35 6.20 8.60 12.94 10.80 5.40 24.80 131 12.60
9 24.60 6.08 11.41 5.32 14.07 0.80 26.42 0.00 11.30
10 10.80 1.60 4.80 1.50 0.00 15.20 41.25 1.70 23.15
11 15.93 6.71 11.74 2.30 0.00 0.00 31.80 7.20 24.32
12 16.72 0.00 9.29 8.05 4.95 15.48 37.46 0.00 8.05
13 31.06 0.00 4.90 4.63 0.00 7.08 24.80 7.36 20.16
14 1.39 0.00 0.00 0.00 0.00 22.69 50.93 0.00 25.00
15 16.17 6.81 11.91 0.00 0.00 0.00 20.64 7.87 36.60
16 19.64 16.58 10.97 26.02 5.36 0.00 3.83 0.00 17.60
17 15.64 0.00 8.14 38.44 34.85 2.93 0.00 0.00 0.00
18 17.61 7.61 16.42 13.13 14.63 8.81 7.16 2.69 11.94
19 16.89 4.43 8.81 12.90 8.54 8.14 20.69 2.56 17.05
20 23.50 14.20 0.00 18.20 1.70 0.00 24.30 1.70 16.40
21 21.10 12.40 6.20 10.80 0.00 2.40 25.20 6.30 15.60
Max. 31.06 16.58 16.42 38.44 34.85 22.69 50.93 7.87 36.60
Min. 1.39 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Aver. 17.45 4.79 7.53 10.12 5.97 5.82 28.63 2.66 17.03
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Fig. 4. X-ray diffractograms of representative bulk minerals from the studied sabkha deposits.

The obtained percentages of bulk minerals are represented graphically in figure (5).
Gypsum, halite, and anhydrite represent the evaporite minerals. Gypsum is the
predominant recorded sulfate mineral ranging from 0.0% to 50.93% with an average of
28.63%. Halite is the second evaporite mineral recorded in the investigated area with
percentages varying from 0.0% to 36.59% with an average of 17.03%. Anhydrite content
differs from 0.0% to 7.87% with an average of 2.66%. The carbonate minerals are
represented mainly by calcite, with minor amounts of aragonite and dolomite (Fig. 5).
Calcite value varies from 0.0% and 38.44% with an average of 10.12%. Aragonite is
recorded in some samples with values ranging from 0.0 to 34.85% and an average of
5.97%. Dolomite value varies from 0.0% to 22.69% with an average of 5.82%. Detrital
minerals are represented by quartz and feldspars (Fig. 5). Quartz occurs in all samples in
amounts ranging between 1.39% and 31.06% with an average of 17.45%. Feldspar
minerals are mainly represented by plagioclase and K-feldspar. Plagioclase recorded in the
investigated sabkha sediments with a percentage varies from 0.0% to 16.42% with an
average of 7.53%, while K-feldspar varies between 0.0% and 16.58% with an average of
4.78%.
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Fig. 5. Bulk minerals average of the sabkha deposits
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The content of smectite (Table 2 and Fig. 6) in the sediments of sabkha is between
31.83 and 47.08% with a mean of 37.44% in the sabkha deposits. The amount of chlorite
ranges between 12.13 and 29.18%. The amount of kaolinite in the sabkha sediments is from
15.23 to 28.13%. lllite ranges between 6.26 and 17.47% with a mean of 10.79%. The
palygorskite levels are less variable, with values ranging from 6.09 to 14.18% with an
average of 9.46% (Fig. 7).

Table 2: Relative percentages of clay minerals determined in the sabkha deposits

Sa’\rlr:)?Ie Smectite Chlorite Kaolinite Palygorskite Ilite
1 34.52 28.76 19.73 7.64 9.35

2 43.64 12.13 28.13 8.08 8.02

3 47.08 20.14 20.42 6.10 6.26

4 32.19 29.18 15.23 10.78 12.62

5 32.48 22.96 18.52 14.18 11.86

6 31.83 21.11 16.25 13.34 17.47

7 40.37 20.08 23.54 6.09 9.92
Max. 47.08 29.18 28.13 14.18 17.47
Min. 31.83 12.13 15.23 6.09 6.26
Aver. 37.44 22.05 20.26 9.46 10.79
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Fig. 6. X-ray diffractograms of the representative clay fraction of the sabkha sediments

Kaolinite; 20.26
Chlorite; 22.05

Fig. 7. The clay minerals percentage in the sabkha sediments
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Table (3) shows the chemical analyses of some major elements (oxides) as well as
trace elements determined in the studied by the extraction method.

Table 3: Concentrations of the extracted major oxides (%) and the trace elements (ppm) in the
studied sediments.

Elements The Current Study A B C D
1 2 3 4 5 6 7 8 9 10 Mean
Ca% 10.20 6.40 7.50 8.30 4.90 1.14 2.95 1.78 2.13 2.02 473 1213 351 7.9
Na % 121 1.18 141 0.92 1.29 0.95 0.43 1.63 0.17 0.28 0.95
K % 0.68 0.53 121 0.42 0.53 1.72 1.62 2.18 1.46 1.35 1.17
Fe % 0.71 221 0.34 0.42 2.28 0.44 0.66 0.53 0.45 0.44 0.85 039 767 174
Mg % 0.74 1.34 1.83 312 121 0.55 0.82 0.37 0.62 0.72 1.13 0.053 165 19
Mn 0.29 0.14 0.54 0.25 0.51 0.49 0.67 0.35 0.44 0.47 041 015 031
Cu 8.08 14.35 6.98 3.09 12.54 251 1.64 2.15 1.34 2.65 5.53 21 7 2878 14
Zn 43.61 57.23 2128  28.12 4849 16.45 2312 2621 20.86 24.53 30.99 446 20 38
Cd 0.31 0.59 1.38 0.38 1.38 0.54 0.58 0.43 0.65 0.62 0.69
Ni 18.76 21.25 1.02 18.35 16.48 0.88 1.07 0.28 1.25 1.58 8.09 22
Pb 8.57 1.38 0.34 10.18 3.25 0.08 0.71 1.89 0.18 0.08 2.67 4
Co 1.14 2.85 2.38 8.12 0.52 157 161 3.84 412 3.13 2.93 1.8 21
TCO3 % 18.51 17.15 41.70 32.84 16.39 15.65 8.96 9.57 8.96 15.79 18.55
OM % 0.87 0.73 0.87 0.57 0.71 0.56 0.76 0.67 0.36 0.65 0.68

A: Southern of Sinai, Red Sea (Gavish, 1980)

B: Jeddah, Red Sea Coast (Gheith and Basaham, 2013).

C: Al gahmah Sabkha, SE Red Sea, Saudi Arabia (Nabhan and Yang, 2018).
D: Al-Lith Coastal Sediments, Red Sea Saudi Arabia (Bantan et al., 2020).
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Table 4: Correlation coefficients matrix between the geochemical variables for the studied sabkha sediments
Ca % '(\)'/‘Z‘ K% Fe% Mg% Mn  Cu Zn cd Ni Pb Co Ca“g/‘;“ate l\?z:t%::i;o Mud
Ca% 1.00
Na % 0.41 1.00
K % -0.77 -0.13 1.00

Fe % 0.17 030 -0.55 1.00

Mg % 0.62 015 -0.65 0.03 1.00
Mn -0.46 033 048 0.29 -0.30 1.00
Cu 0.52 051 -0.70 0.88 0.18 -0.41 1.00
Zn 0.51 039 -071 0.88 0.12 -0.58 0.90 1.00
Cd 0.04 023 -017 0.35 0.15 0.47 0.42 0.08 1.00
Ni 0.74 032  -0.90 0.64 0.49 -0.69 0.74 0.86 -0.10 1.00
Pb 0.74 026 -0.62 0.00 0.58 -0.51 0.14 0.33 -0.36 0.71 1.00
Co 0.12 015  -0.13 -0.36 0.64 -0.45 -0.38 -0.24 -0.39 0.11 0.42 1.00

CZ{E%Z 0.65 036  -0.44 -0.17 0.78 -0.11 0.21 -0.05 0.40 0.21 0.33 0.30 1.00
Organic
Matter 0.56 056  -0.23 0.21 0.07 0.06 0.49 0.39 0.26 0.25 0.17 -0.48 0.37 1.00
%
Mud -0.25 009 054 -0.38 -0.10 0.67 -0.26 -0.56 0.45 -0.70 -0.60 -0.28 0.31 033  1.00
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Discussion
Bulk Mineralogy of the Sabkha Sediments

In general, the mineralogy of the coastal sabkha sediments could explain the mode of
formation, the diagenetic process, and the kind of the source rocks from which the different
detrital components were derived.

The occurrence of gypsum crust in the studied sabkha is due to the upwards seepage of
brine by capillary action and its evaporation at the surface. This mechanism is similar to what
Is happening in Abu Dhabi (Watson, 1979; Wilson et al., 2013). This suggests that the sulfates
had been precipitated secondly after the carbonate and followed by halite indicating their
possible development by sedimentation from brines migrating upward by the pumping
mechanism of evaporation as recommended by means of Hsl and Schneider (1973).

The carbonate minerals in the studied area could belong to precipitation after the takeover
of seawater to the sabkha during high tides, or it can be considered a contemporaneous
dolomitization process, which is encouraged by the availability of calcium and magnesium ions,
as well as the high temperatures within a supra-saline environment.

The occurrence of calcite near the water table in the studied area is most probably related
to its evaporitic precipitation origin. The association of calcite with dolomite and/or aragonite
(Table 1) is most probably attributed to the diagenetic alteration of the carbonate minerals of
the bioclasts and shells, which were seen in these components in the sabkha sediments simple
proportion. The formation of evaporite minerals and their distribution are controlled by the
composition and the direction of the groundwater (Kendall, 1992).

The major amount of the carbonate could be of direct precipitation, and a minor amount
is transported from seawater. Meaning the carbonate minerals resulted from direct chemical
precipitation and part of that is related to the existence of shells and bioclasts derived from the
coastal area.

The presence of the detrital minerals reflects the partly siliciclastic nature of the studied
sabkha. This is due to the transportation of the fine detrital influx by windblown from the
southeast.

In general, there is a notable concentration in the detrital constituents that controlled
significant differences in the percentage of minerals, where the detrital sediments increase
eastward away from the coastline. The presence of quartz and plagioclase feldspar could prove
the derivation from the land either by aeolian transportation or brought through ancient wadis
to the marine environment. The dominance of plagioclase feldspar over K-feldspar can be
attributed to the volcanic origin from the eastern side, which is represented by an abundance of
igneous rocks (EI-Younsy et al., 2017).

Clay Mineralogy of the Sabkha Sediments

Clay minerals are essential components in the marine sediments along with chemical
element concentrations and content assemblages, which are useful tools to find out the
provenance, weathering intensity, and transport patterns ( Kumar et al., 2011; Li et al., 2017
Zhang et al., 2020; Huang et al., 2021; Al-Amery and Al-Saad, 2022) . The clay mineral
assemblage identified in the sabkha of the studied area (Table 2) is, smectite, chlorite, kaolinite,
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illite, and palygorskite arranged in decreasing order of abundance (Fig. 6 and 7). The results
reveal that smectite is the most abundant in the sabkha samples. This could be linked to the
chemical weathering of volcanic rocks (Chamley, 1989; Perri et al., 2012).

It is possible that the availability of volcanic rocks on the surface and near the study area
also, based on all the hypotheses put forward by researchers on this point, it is easy to conclude
that the flocculation processes lead to an increase in the percentage of smectite and illite in the
region. The diagenetic process modifies the volcanic glass, which results in the formation of
the smectite lattice (Andreozzi et al., 1997; Pehlivanoglou et al., 2000; Fesneau et al., 2009;
Perri et al., 2012). Hence, the alteration of pyroclastic and/or volcaniclastic rocks is probably
responsible for the abundance of smectite. Typically, pyroclastic mafic rocks and tuffaceous
deposits, are the source of smectite (Pettijohn, 1975), where, the eastern Red Sea mountainous
escarpment is made up of basic (basalt and andesite), acidic (dacite and rhyolite) volcanic rocks,
and granitic rocks. Consequently, it could be concluded that the increase in the percentage of
smectite is due to the clastic origin and its derivation from the basic volcanic rocks, which
agrees with the conclusion of El-Younsy et al.(2017).

The presence of chlorite can be attributed to the weathering products of metamorphic and
volcanic rocks (Diekmann et al., 2000; Hillenbrand et al., 2003; Zhang et al., 2020).
Accordingly, the mineral is primarily associated with the weathering products of igneous and
metamorphic rocks and the contribution of detrital fine-grained sediments from these
provenances to the studied area in the sabkha sediment samples.

Kaolinite mineral probably results from the intense chemical weathering of feldspar
minerals in humid climates of tropical to subtropical with appropriate alkalis leaching (Grim,
1968; Keller, 1970; Perri and Ohta, 2014; Nayak et al., 2021). As a result of the intense chemical
weathering of acidic igneous rocks under tropical to subtropical climate conditions in the source
area, the relative content of the kaolinite raises the belief that its source is from the east of the
study area ( Pardo et al., 1999; Zhang et al., 2020; Huang et al., 2021).

The illite mineral is very similar to chlorite, which is an extract of the physical weathering
of igneous rocks, especially acidic igneous rocks which are comparatively resistant to
transportation agents (Ehrmann et al., 2007; Zhang et al., 2020). In this area, the illite could
frequently accumulate in saline and semiarid hot environment, where the groundwater levels
vary such as in the sabkha and wadi deposits in Saudi Arabia (Jado and Z6tl, 1984).

It is known that palygorskite is the product of the alteration of hydrothermal solutions of
pyroxene and amphibole. In most cases, palygorskite is an authigenic mineral in the lagoon as
a result of the interaction of fresh water with marine water (Bouza et al., 2007). Palygorskite
may be precipitated in situ from highly saline groundwater as is in coastal sabkhas or it could
form in situ as a result of the interaction of magnesium-rich groundwater with other clay
minerals in shallow coastal lagoon environments (Weaver, 1984; Cavalcante et al., 2011; Galan
and Pozo, 2011). Therefore, the high percentage of palygorskite in the studied sabkha sediments
could be related to authigenic origin. This is what Albadran and Hassan (2003) indicated about
the authigenic formation of a palygorskite mineral within Khor Al -Zubair area, which is
somewhat like the current study area.
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Geochemistry of the Sabkha Sediments

The provenance and weathering could play a major role in the geochemistry of clastic
sediments. Thus, the geochemical analysis of the sediment enables deciphering the geological
evolution of a sedimentary unit or basin province from its source region (Bantan et al., 2020;
Rahman et al., 2020; Papadopoulos et al., 2021; Tao et al., 2021; Mohanty et al., 2023) .

The carbonate content in the studied samples indicates a relatively low percentage in the
sabkha sediments except for one sample which was 41.70% near the beach, which could be the
direct precipitation from seawater (Table 3).

The total organic matter content in the studied samples indicates a relatively low
percentage in the sabkha sediments. It ranges from 0.36 to 0.87% (Table 3), which can be
attributed to some extent to the biological activities in the region especially in areas covered
with vegetation. This may be linked to the rapid oxidation of organic carbon in these sediments.
It could also be attributed to the difficult environmental conditions represented by the increase
in salinity, in which the living of some organisms is difficult.

The variation in concentrations of elements is mentioned in (Table 3). The chemical
analysis by extraction method does not give identical results with the mineral analysis that
appears through X-ray diffraction analysis because of what was mentioned in the method of
work that the analysis by extraction does not represent the total amount of elements present in
the minerals, which sometimes gives the impression that the analysis method is inaccurate.
However, despite this, the research is able to provide fairly good relationships. Pearson
correlation with a significance level (P) less than 0.05, is applied for the relationships between
geochemical variables. Calcium concentration exhibits a positive correlation (0.65) with
carbonates (Table 4). This means that the calcium enrichment in the sediments could be
associated with the supply of biogenic carbonates in the sabkha sediments. It also shows a
positive correlation with Pb, Ni, Zn, and Cu (Table 4). The relatively low percentage of
carbonate minerals and Ca in the sabkha sediments is probably due to the removal of calcium
through gypsum precipitation (Patterson and Kinsman, 1982; Rosenberg et al., 2018).

A positive correlation appears between magnesium with calcium and carbonates (r =0.62
and 0.78 respectively), which means that magnesium is derived from the carbonate minerals
(Mohammed et al., 2021). It also has a positive correlation with Co, Pb, and Ni (Table 4).

The positive correlations of manganese with iron, and mud and a negative relationship
with the carbonate content can indicate the terrigenous origin arrived by wadis and wind. Other
studies (Bantan et al., 2020; Nabhan and Yang, 2018), confirmed the similar observations.

The spatial distribution of the gypsum, halite, carbonate, Ca, Mg and Na in the sediments
of Yakhtul sabkha (Fig. 8) indicates that gypsum content is observed to be the highest in the
mid of the sabkha, and decreases into two directions; to the south and northeast side of the
sabkha (Fig. 8a). Halite content is noticed in the middle of sabkha with increasing to northwest
side of the sabkha and decreases to the east side of the sabkha (Fig. 8b). Carbonate increases
in the western side of the sabkha and decreases to the east side of the sabkha (Fig. 8c). The Ca
concentration is low at the northern and southern parts of the sabkha and increases in the
western side of the sabkha (Fig. 8d). The Mg concentration increases in the western part of the
sabkha and decreases in the eastern part of the sabkha (Fig. 8e). The Na increases in the mid of
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the sabkha, and decreases to the northern side of the sabkha (Fig. 8f). Ca and Mg are noticed in
limited distribution due to the presence of chemically precipitated of some calcite and dolomite
in the analyzed sabkha deposits, and this could be related to the weak delivery of sea water to
the studied sabkha. All these data indicate that most of the elements come from the eastern side
and are concentrated in the sabkha, in addition to the elements that were deposited in the place
due to high evaporation.

4328 433 4332 4334 4328 433 a3 4334

13.474 13.474

13.454 13.454

13,43 % - 39 13.43 18 1343 L | 108
37
35

13.414 - 33 13.414 13.41- b 0.64

13.39 1 13399 - 0.22

13.374

4328 433 4332 4433
L

13.474

31
29
2.7
25
23
21
19
1.7
15
13
11

13.45 9.5 13.45-

9 .
85

8

75

7 13.434

65

6

13.43

55
5
45
4
EX 0.9

/
= g 3 . 0.7
] { : is 4 0.5
L ) 15 1339+ ; 03
1 e
V /\33 o
13371 . y . . r r r 13.374 ‘\ \ 13.37-

Fig. 8. Spatial distributions of the gypsum (a), halite (b), carbonate(c), Ca (d), Mg (e) and Na (f) in
the sediments of Yakhtul sabkha

134 134

13394

Comparing the results of this study with the results of the previous studies for some near
Red Sea sabkhas indicates that the average of major and trace element contents in the studied
sabkha sediments compared with other sabkha sediments along the Red Sea are given in Table
(3). This comparison reveals that the Red Sea sabkha contains a smaller percentage of calcium
than that of the southern Jeddah sabkha and Al-Lith sabkha. The iron content is relatively lower
than that recorded in Al Qahmah sabkha and Al-Lith sabkha. This trend is due to the presence
of low content of detrital minerals in Red Sea sabkha deposits. The magnesium content is
relatively lower than that recorded in Al Qahmah sabkha and Al-Lith sabkha, which may be
attributed to the presence of dolomite with low proportion. Most of the concentration of trace
elements in the studied sabkha sediments are lower than in recorded other Red Sea sabkha.
There is a possibility that the method of analysis by extraction is one of the factors that led to
the difference in the results.
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The results mentioned above illustrate that the distribution of the major elements and
trace elements in the studied sabkha sediments indicate that most of these elements are mainly
derived from the source rocks outcropping to the east of the study area.

Conclusions

The Current study has revealed the following:
1- The evaporite sabkha in the Red Sea is induced by the evaporation of lagoonal water

as well as underground water seepages as continental influx.

2- The evaporitic minerals in the studied sabkha include gypsum, halite, and anhydrite.
Carbonate minerals are represented by calcite, aragonite, and dolomite, whereas
quartz, plagioclase, and K-feldspar represent non-evaporite minerals. Halite
encrustations mostly reflect well-developed sabkhization.

3- The appearance of some aggregates of clay minerals, and non-evaporite minerals can
be considered as clastic coming from the igneous and metamorphic source rocks to the
east of the study area.
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