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Abstract

Surficial deposits of Kuwait are mostly of Quaternary sediments, including
coastal deposits such as sabkha deposits. Sabkha is the English form of the
Arabic nomenclature (Sebkha), which means a land of salt and water inmates
(salt flat) that intersects with the underlying shallow groundwater table and
extends over the high tide level, covered with clastic sediments rich in evapo-
rites. In Kuwait, there are two kinds of coastal sabkhas: clastic coastal sabkhas
along the northern coast of Kuwait and carbonated sabkhas along the southern
coastal line. This study aims to investigate the mineralogical composition and
characteristics of sabkha deposits along the coastal line of Kuwait using GIS
and remote sensing techniques. Landsat 8 images, dated back to May 2024,
were used, with a map color combination of 4, 3, 2 (True color combination -
RGB bands only). The images were radiometrically corrected using the raster
calculator to measure the TOA. LST, SMI, and NDVT indices to locate and
categorize sabkhas in the study area based on their spectral reflectance, as ob-
tained from satellite-analyzed imagery. Surficial samples were collected from
nine locations in the study area and subjected to XRD analysis for their min-
eralogical constituents. Results showed the absence of evaporite minerals in
the surface deposits of the sabkhas as well as the existence of 5 other minerals,
with different percentages of distribution. Quartz and Calcite are the only
minerals found in all sabkha locations, indicating the predominance of these
two minerals in the study area. One of the identified minerals was Petedunnite,
which rarely occurs in sabkha environments, suggesting its existence due to
provenance transport.

Keywords

Sabkhas, Coastline, Mineralogy, Clastic, Evaporites, GIS, Remote Sensing

DOI: 10.4236/jgis.2026.181003

Feb. 3, 2026 28

Journal of Geographic Information System


https://www.scirp.org/journal/jgis
https://doi.org/10.4236/jgis.2026.181003
http://www.scirp.org
https://www.scirp.org/
https://doi.org/10.4236/jgis.2026.181003
http://creativecommons.org/licenses/by/4.0/

A. Al-Hurban et al.

1. Introduction

Kuwait is situated in the northwestern corner of the Arabian Gulf in a transitional
zone between the stable Arabian Foreland on the southwest and the vast com-
pound delta of the Mesopotamian Plain in the north and northwest (Purser, 1973)
[1]. The state of Kuwait is located in the northwestern side of the Arabian Gulf
between Longitudes 46°30' to 48°30' East, and 28°45' to 30°05' North according to
the geographic coordinate system, and it is also located within R38-R39 zones ac-
cording to the Universal Transverse Mercator coordinate system (UTM). Kuwait
was subjected to tectonic movements and geomorphic processes (weathering, ae-
olian and coastal) during the late Pliocene-Pleistocene age, which in turn resulted
in the formation of variant geomorphological features along the coastal area
(Kassler, 1973 [2]; Al-Sarawi, et al., 1993 [3]; Al-Sulaimi & El-Rabaa, 1994 [4]).

Surficial deposits of Kuwait are mostly of Quaternary sediments including Al-
Dibdibbah Pleistocene gravel deposits and Holocene sediments. These deposits
and sediments comprise desert surface deposits, alluvium, aeolian sands and
beach and coastal deposits such as sabkha deposits, sand shoals, beach rocks and
tidal flat deposits (Khalaf, et al, 1984 [5]).

Generally, sabkhas in Kuwait are of two kinds clastic coastal sabkhas along the
northern coast of Kuwait and coastal sabkhas carbonated along the southern

coastal line (Figure 1).
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Figure 1. The geographical distribution of coastal and inland sabkhas (north and south) (mod-
ified after Saleh et al, 1999 [6], Al-Hurban & Gharib (2003 [7] & 2004 [8]) and Kleo & Al-
Otaibi, 2011 [9]).
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These two kinds differ in their composition properties, which can be attributed
to the differences in the geomorphology and source of sediments of each area. The
deltaic sedimentation of the Shatt-Al-Arab (Tigris-Euphrates rivers) influences
the northern clastic sabkhas. In contrast, it doesn’t have such an influence on the
southern carbonate sabkhas, which are the same as the other sabkhas along the
southern coastal line of the Arabian Gulf, e.g., in Abu Dhabi and Qatar [1].

This study aims to investigate the mineralogical composition and characteris-
tics of sabkha deposits along the coastal line of Kuwait using Geographic Infor-
mation System (GIS) and remote sensing techniques. Different maps were con-
structed to show the distribution of the minerals in both sectors, the northern and

the southern.

2. Previous Studies

The groundwater, which is mostly seawater, that is either continually recharge
beneath the sabkha or from the vicinity landmass (Figure 2) is the main source of
most of the evaporite sediments precipitated in sabkhas, where the circulation of
this saline groundwater is continuously taking place by the capillary action and
evaporative pumping, in addition to the intermittent sea flooding and the action

of the beach ridges as a reservoir of seawater.
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Figure 2. Sabkhas receive water from a variety of sources (After Walker, 1984 [10]). (a)
Sabkha with seawater recharged through the subsurface and with relatively little ground-
water influx. (b) Sabkha groundwater is recharged by a mixture of seawater and ground-
water, plus seawater flooding from major storms.
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Typically, such sabkha evaporites are mineralogically composed of anhydrite,
gypsum and dolomite, where gypsum crystals are altered from their original for-
mation within layers of interbedded carbonate mud or shale; and the anhydrite
deposits are formed in a structure (particularly common in sabkha evaporates)
called “chickenwire” which a mixture of elongate, irregular clumps of anhydrite
separating thin strings of carbonate and/or sliciclastic mud [8].

Sometimes the surface of sabkhas in arid regions would be crusted with a veneer
of salt and scattered discoidal gypsum crystals and covered by a layer of drifting
quartz sand due to the frequently occurring dust and sand storms.

Inland sabkhas usually occur when water intermittently floods from the wadis
in the vicinity into the low-lying depressions leaving a damp and salt encrusted
sediments. They also develop in depression where a leveling of water table and the
sabkha’s surface is reached.

The surficial salt crust in inland sabkhas develops due to the evaporation of the
captured water, which concentrates salt sediments of which commonly is gypsum.
It is worth mentioning that algal mats that occur in the coastal sabkhas are absent
in the inland sabkhas. On the other hand, coastal sabkhas are distinguished by
marine flooding, as well as, evaporitic conditions, which in turn constitute and
diagenetic environment which have sediments of both continental and adjacent
marine origin.

In this study, sabkhas are defined as low coastal dissecting the underlying shal-
low groundwater table. Variant-sized quartz sand is the major component of the
sabkha deposits mixed with carbonate mud and scattered gypsum crystals en-
crusted with a thin veneer of salts left after the evaporation of collected water after
rainy seasons. Sometimes, the surface of some of these sabkhas is underlain by
calcrete (locally known as gatch), which exists as a friable or hard-consolidated
sediments containing a heterogeneous mixture of gravel, sand, mud and calcium
carbonate and gypsum that came from the direct precipitation from mineral bear-
ing water within the pore spaces of the clastic deposits as a cementing material.

At the northern part of Kuwait Bay, the recent sabkha sediments overlie similar
Tertiary deposits, distinguished by large amounts of anhydrite. The tidal regime
in the area is marginal between the semidiurnal and mixed type (Al-Zamel & Al-
Sarawi, 1998) [11]. Southwesterly wind causes much higher normal tides, which
is a significant process, where elevated waters of storm surges can cause breaching
and inundation several kilometers inland (Al-Sarawi, 1988 [12]). Extensive sabkha
deposits are included in the supratidal flat, being devoid of vegetation and rarely
flooded by seawater. In this area, deposition may sometimes intersect the water
table and fill with seawater. On the outer edge of the depressions well-defined
cubic halite crystals are found [11].

The sabkha surface itself is up to 2 km wide and in summer the flat supratidal
plain is usually covered by a thin white veneer (less than 3 cm) of gypsum and
some other evaporites, sourced from the water table 1.5 m below the sabkha sur-

face, with development of some recent isolated algal mats within the tidal channels
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at the intertidal zone [11]. In winter, the surficial evaporites do not occur contin-
uously, nevertheless, there exist some scattered salt pans and salt crusts within
little centimeters of the sabkha surface, which indicates that salt in the area begins
to formulate in early May to Late November. Tidal channels are generally short
less than 150 m long and of average depth of 80 cm and filled with interlaminated
silts and algal mats [11].

The northeasterly part of Kuwait Bay is believed to be subjected to both exten-
sive sediment deposition and sea-level fluctuations during the marine transgres-
sion and regressions of the Holocene period. This area is 5.5 km wide which con-
stitutes the widest part of the tidal flat along the northern coast of Kuwait Bay with
a maximum thickness of Holocene sediments guesstimated to be 8 - 12 m [6]. In
the eastern and western parts of this featureless tidal flat, there exists a low lying
desert plain covered in Quaternary fluvial gravels. This nearly flat sabkha is also
interrupted by a high relief sand and pebble spit, unchangeable shoreline with
beach rock, marine terraces and coastal vegetated dunes [6]. This area has a
unique tidal regime as the sea water covers the intertidal and parts or all of the
supratidal area depending on the variant flooding conditions, which are con-
trolled by four factors: 1) tidal range (2 - 4 m); 2) wind speed and direction; 3)
tidal phase at flooding time; and 4) gradient and morphology of sabkha surface
[6].

According to their nature, geographic settings, and mode of occurrence, south-
ern sabkhas are classified into two types: inland and coastal sabkhas. The former
occurs in the irregular slopes in the western side whereas the latter extend along

the elongated depressions in the southern coastal area [8].

2.1. Mineralogical Characteristics of Sabkha Deposits
2.1.1. Northern Sabkhas

The sabkhas surface, specifically the flat supratidal in northern Kuwait Bay area,
is covered by a thin veneer of gypsum and other evaporitic minerals sourced from
the existing water table 1.5 m below the sabkha surface.

The sabkha deposits in the northern area are different from those in the south-
eastern area of the Arabian Gulf (e.g., Holocene evaporitic settings of Abu Dhabi
coastal area), where in the muddy part of the sabkha of the latter the calcium rich
dolomite deposits are dominant and associating the well-defined tidal channels
(Mckenzie, 1981 [13] and Patterson and Kinsman, 1982 [14]). Nevertheless, the
southern sabkhas at Al-Khiran area are lacking for dolomite, which was attributed
by Picha (1978) [15] to the composition of the underlying pre-Pleistocene sub-
strate, which has almost no dolomitic material in their constitution as they are
mainly composed of continental clastic sediments. Moreover, no dolomite was
found in the northern area of the Arabian Gulf, which indicates that if any dolo-
mite will exist in the subtidal and intertidal sediments, it would be partly sourced
from the blown dust by the prevailing winds (Pilkey and Noble, 1966 [16]).

The upper most layer of the supratidal flat sabkhas are rich in gypsum having
some halite along with few amounts of anhydrite. The x-ray diffration reveals the
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presence of aragonite in this subfacies but the most abundant mineral is gypsum,
which exists as scattered deposits, as well as, in the form of gypsum mush that
develops as a thin horizon of loosely packed crystals matrixed with the remnants
of the original deposits (Evans, et al, 1969 [17]). Gypsum also exists in the fine
grain on the top of the thin horizon, and as going deeper it develops in the form
of very coarse needle-shaped crystals, which by time passing will be overgrowth.
It is worth mentioning that in the sabkhas landward the gypsum developed as
elongated needle-shaped crystals. This can be attributed to more rapid rate of
crystal growth resulting from the rapid rate of brine concentration (Kinsman,
1969) [18].

The lower subfacies is rich in anhydrite which develops in the form of well-
defined nodules cemented with calcium carbonate, which its precipitation can be
attributed according to Taylor and Illing (1969) [19] to burrowing animals that
are abundant in the middle and upper tidal flats particularly in the tidal channels,
nevertheless, they are absent in supratidal sabkha zone. X-ray diffraction indicated
that dolomite presents in small amounts about 70 cm below the surface, quantita-
tively varying laterally and decreasing landward from the supratidal zone.

The above discussion of the obtained results shows that mineralogy within the
sabkhas varies vertically and laterally, which indicates the effect of at least four
factors on the development of the evaporitic sediments in the area: 1) evaporation
rate, 2) water table position, 3) seawater flooding rate, and 4) groundwater salinity
[11].

Recent marine deposition is reflected in subfacies, that is rich in gypsum with
some halite crystals on the surface and deposition under subaqueous conditions
is reflected by the development of the thin (5 mm) bands of algal mat. West, et al,
(1979) [20] conducted a study on the Mediterranean coast of Egypt and suggested
a mechanism for the development of the gypsum nodules in the studied area. The
same mechanism could be used to justify the presence of gypsum in the form of
nodules displacing the fine grains. This mechanism suggests that gypsum is prob-
ably lagoon wise originated, which was dissolved and transported from below the
water table to the surface above by capillary water and later on was precipitated as
nodules that displace the sediments.

An earlier cycle of marine deposition is rich in anhydrite, where dehydration of
gypsum resulted in the development of anhydrite above the groundwater. This
mechanism for the development of anhydrite is evidenced by the absence of an-
hydrite at the surface, which means that this dehydration of gypsum resulted in
the development of anhydrite replacing gypsum crystals at depth not at the sur-
face. It is worth mentioning that Butler (1969) [21] suggested such a replacement
for the Arabian Gulf sabkhas. X-ray diffraction results indicated the increment of
anhydrite deposited amounts landward.

The mechanism of precipitation diagenetically within this unit could be used to
justify the lack of dolomite in the Tertiary substratum and in the vicinity areas, as
no primary dolomite was found in the top layers of this unit contrasting the situ-
ation in the Abu Dhabi sabkhas (Kinsman, 1964 [13] [14] [22]).
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2.1.2. Southern Sabkhas

Data reveals that the grains are composed of quartz, feldspar, rock fragments, cal-
careous grains and gypsum [7] [8]. Due to their location closed to the fossiliferous
oolitic limestone ridges, the coastal sabkhas contained the calcareous grains rep-
resented by skeletal fragments and oolites, which absent in the inland sabkhas.
Quartz and feldspars are more abundant in inland sabkhas rather than the coastal
sabkhas, whereas gypsum in on the contrary more abundant in the coastal sabkhas
than the inland sabkhas. As for the rock fragments, which are mainly of detrital
carbonates that possibly originated from the prevailing calcretic hills in the south-
ern desert area, they were found to be equally distributed between the coastal and
inland sabkhas.

Petrographic investigations under the polarizing microscope revealed that the
quartz grains are of two types: 1) mostly monocrystalline with straight extinction
and a little with slightly undulose extinction; and 2) least polocrystalline [7] [8].
The first type reveals that they might be originated from igneous and stressed ig-
neous rocks, whereas the second type reveals that they might be originated from
metamorphic rocks (Tucker, 1981) [23].

The fine size fraction was subjected for heavy mineral separation from two rep-
resentative samples from the topmost recent sediments from the coastal sabkhas
and the inland sabkhas. According to the obtained data, there was slight difference
in the heavy minerals percentage between the coastal sabkhas (0.5%) and the in-
land sabkhas (0.4%). In the same context, the petrographic studies revealed that
both sabkhas have nearly similar heavy minerals with slight difference. Those
heavy minerals are mostly composed of hornblende, which is most abundant in
inland sabkhas, apatite, which is most abundant in coastal sabkhas, zircon, epi-
dote, spinel and magnetite.

According to the heavy minerals analysis, it is proposed that such sediments are
originated from sialic igneous (apatite, hornblende, spinel, and zircon), mafic ig-
neous (epidote, hornblende, and magnetite) and high rank metamorphic rocks
(apatite, garnet, epidote, hornblende, magnetite, and zircon). According to the
textural and mineralogical data, it is suggested by [7] [8] that such sediments could
be mostly originated from the exposed Al-Dibdiba Formation composed mostly

of a mixture of sand and mud.

3. Materials and Methods
3.1. Sampling and Field Work

Based on topographic maps of Kuwait (scale 1:50,000), aerial photographs (1991
with a scale of 1:29,000), Google Earth Engine maps, and field observations, the
sabkha areas were identified and delineated. Accordingly, surface samples (about
30 cm deep with manual auger) were collected from 9 different locations along
the coastline of Kuwait (Figure 3) with respect to their different spectral reflec-
tances. The samples were visually inspected, described in the field, photographed,
and prepared for further analyses. The samples were subjected to X-Ray-Diffrac-
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tion (XRD) analysis to determine the mineralogical properties of sediments de-

posited in the area.
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Figure 3. Sampling location map of the collected samples from the study area.

3.2. Laboratory Analysis

The collected surficial samples were subjected to XRD analysis. This technique is
a non-destructive analytical technique used to identify the crystallographic struc-
ture, chemical composition, and physical properties of crystalline materials. It
works by directing monochromatic X-rays at a crystalline sample, then measuring
the scattering angles and intensities of the diffracted X-rays. The energy and in-
tensity of these emitted X-rays are then measured to identify and quantify the el-

ements present.

3.3. GIS and Remote Sensing

The state of Kuwait is located within R38 - R39 zones according to the Universal
Transverse Mercator coordinate system (UTM). The satellite images of the two
(UTM) zones that encompass the coastal areas of Kuwait were downloaded from
the United States Geological Survey (USGS) site. These images were downloaded
from Landsat 8 with the whole set of bands that include the full range of the spec-
trum that Landsat 8 supports and dated back to May 2024, as shown below. The
map color combination is 4, 3, 2 (True color combination-RGB bands only) (Fig-
ure 4).

The workflow is divided into two main tasks (Figure 5): 1) locating sabkha ar-
eas in the study area, and 2) categorizing sabkhas into further diagnosed areas
based on their spectral reflectance, as obtained from satellite-analyzed imagery.

A process of radiometric correction was conducted to the satellite images to
improve the quality and accuracy of image data by reducing or removing distor-
tions caused by factors like atmospheric conditions (haze, water vapor... etc.).
This process is fulfilled by Aop of Atmosphere Reflectance or radiance (TOA),
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Figure 4. The map color combination is 4, 3, 2 (True color combination-RGB bands only).
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1
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Spectral reflectance

Figure 5. A chart of the procedures followed to locate sabkhas and categorize them accord-
ing to spectral reflectance.

referring to the amount of solar radiation reflected or radiated by a surface, in-
cluding the atmosphere, as measured by a satellite sensor. It compares data from
different sensors and serves as a foundation for further atmospheric corrections
to derive surface reflectance. This process was conducted for the whole set of
bands of the satellite images; each band was separately processed for the two zones

in question. Calculating (TOA) can be achieved via the raster calculator, a tool of

DOI: 10.4236/jgis.2026.181003

36 Journal of Geographic Information System


https://doi.org/10.4236/jgis.2026.181003

A. Al-Hurban et al.

GIS (Geographic Information System) applications that is capable of eliminating
atmospheric effects upon reflected and/or emitted radiations from the earth’s sur-
face. The elimination process is calculated by the following mathematical equa-

tion.

P, = (n* L, * dz)/( = *005(6’5)) (1) (Bakaeva & Tuan Le, 2022) [24]

where:

e puis the TOA planetary reflectance for a specific wavelength (1).

* 7 is the mathematical constant approximately equal to 3.14159.

¢ L is the spectral radiance at the sensor’s aperture.

e d is the Earth-Sun distance in astronomical units.

*  Eur is the mean solar spectral irradiance for the specific wavelength band.
* @ is the solar zenith angle.

After measuring (TOA) for all bands of Landsat images of the study area, a set
of indices was applied to different bands of each zone to assess possible sabkha
locations. These indices are Soil Moisture Index (SMI), Land Surface Temperature
(LST), and Normalized Difference Vegetation Index (NDVI).

3.3.1. Processing Satellite Imagery with (LST)

The temperature of land surfaces varies among different locations of the study
area. This variation is influenced by a variety of factors, such as reflectivity or what
is called albedo, which is the fraction of solar radiation reflected by a surface or
body. Vegetation cover, soil moisture, and the time of day and season. The LST
index is concerned in measuring the temperature at the very top layer of the
Earth’s surface. It was applied to distinguish surfaces of relatively low tempera-
tures, especially lowlands where the water table is close to the surface, aided by the
season in which satellite images were taken (May 2024), where sabkhas may re-
main wet soon after the rainy season. The application of the LST index shows a
clear contrast between high and relatively low temperature areas, which could rep-
resent potential locations of sabkhas. The raster calculator tool is applied to cal-
culate the LST index. This tool can demonstrate any mathematical equations of
varjous indices in terms of colored pixels or gradient color with an 8-bit range
(256 color range), converting mathematical values into a visual representation,
giving a better and comprehensive understanding of the phenomenal distribution
over the map. Figure 6 shows the resulting map after the application of the LST
index.

The resulting map distinguishes between high and low surface temperatures.
For better understanding, surface temperatures were categorized into two catego-
ries rather than a gray scale gradient map, where white color indicates low tem-
perature surfaces, and black represents higher temperatures. The white area of the
map refers to the relatively low temperature earth surfaces, including the wet sab-
khas. Since not all relatively low temperature areas on the map are sabkhas, further
application of indices could categorize these white areas into different land cover,

(water bodies, agricultural areas, and of course, sabkhas... etc.).
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Figure 6. The resulting map after the application of the LST index.

3.3.2. Application of SMI

SMI is used to quantify the amount of water in the soil, and it can be calculated in
various ways, often using remote sensing data. One common formula, based on
LST and NDVI. SMI is an important index that was applied to the white or rela-
tively low temperature area of the previous map. It is able to further classify the
white area according to moisture level, which helps minimize the potential areas
of sabkhas, by the removal of highly moisture areas, especially water bodies. The
formula of (SMI) used in this study is:

SMI = (LST,,, —LST)/(LST,,, —LST,

min) (2) (John et al, 2022) [25]
Figure 7 shows the resulting map after applying the SMI formula to the map.
Soil moisture is further classified into five categories regarding its wetness

quantity; thus, low wetness values (dry soil) were excluded from the potential sab-

khas area according to Table 1.

Table 1. The five categories of soil moisture (source: Lu et al,, 2021) [26].

Grade Type Standard
1 Very dry 0 < Index < 0.2
2 Dry 0.2 <Index < 0.4
3 Moderate 0.4 < Index < 0.6
4 Moist 0.6 < Index < 0.8
5 Very wet 0.8 <Index<1
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Figure 7. The resulting map after applying the (SMI) formula.

Figure 8 shows the resulting map after the exclusion of dry areas. As white
areas represent soil area equal to or above 0.4 according to the given values in
Table 1.

Figure 8. The resulting map after the exclusion of dry areas, where white areas represent
soil area equal to or above 0.4 according to the given values in Table 1.
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3.3.3. Isolation of Sabkhas by Application of (NDVI)

Agricultural areas in Kuwait, such as Sulaibyah, Wafra, and Abdaly, are charac-
terized by their low surface temperature and their wet soil as well. Sharing these
features with sabkhas may result in a map showing a common area of both agri-
cultural fields and sabkhas; thus, a further step is required to differentiate these
two areas from one another. Agricultural fields are characterized by high crop
density compared with sabkhas, as well as the vitality of crop leaves (more green-
ish color). The application of the NDVT could be helpful for this purpose. This

index uses the following formula:

NDVI z(leR ~ Pred )/(pNIR +pred)

(3) (Campbell & Wynne, 2011) [27]
NDVI values range from —1to 1

where NIR = near infrared satellite band (band No. 5 in Landsat 8 used in this
study)

Red band (band No. 4 in Landsat 8 used in this study)

According to the range of (NDVI), the higher the value, the healthier the crops,
where the value 1 denotes the highest crop vitality and the value of —1 the lowest
(Table 2). Due to values provided in Table 2, the values of 0.4 or higher were
adopted to assign the agricultural areas. Extraction of high (NDVI) value pixels

eliminates these areas and leaves only the potential sabkhas area (Figure 9).

0 10 20 30 40 50km
. .

Figure 9. The map resulting from assigning high (NDVT) values.
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Table 2. The applied range of (NDVI) in this study (source: Atun et al, 2020) [28].

Pixel Range Class
<0 water
0.03-0 bare soil
0.03-0.3 sparse vegetation
0.3-0.5 moderate vegetation
0.5> dense vegetation

The brighter areas on the map refer to high (NDVI) values that represent agri-
cultural fields, whereas darker areas show low (NDVI) or no vegetative cover.
Thus, by means of extracting the bright pixels, the agricultural fields were elimi-
nated from possible sabkha areas. Regarding the water bodies, water as a substance
is highly absorptive to near infra-red radiation, resulting in opaque or high dark
areas as shown in the map in Figure 9.

The assignment of sabkhas is achieved by finding the areas that meet all criteria
(relatively low surface temperature, moderate or high soil moisture, and sparse or
no vegetation) of sabkha areas. The overlapped areas that are characterized by
relatively low surface temperature, moderate or high soil moisture, and sparse or
no vegetation are most likely sabkha areas. These overlapped areas were repre-

sented as white areas on the map showing sabkhas (Figure 10).

Figure 10. A map showing sabkha areas represented in white color achieved after overlap-
ping the areas characterized by relatively low surface temperature, moderate or high soil
moisture, and sparse or no vegetation.

By assigning sabkhas in the study area, mineralogical distribution over the sab-

khas was done to draw the regolith map of sabkhas. The density slicing technique
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was applied for the demonstrating how minerals are distributed. This technique
is specifically tailored to differentiate among minerals that have closely related
spectral reflectance, also known as spectral signatures. Density slicing, or level
slicing, converts a grayscale image into a series of density intervals, also called
slices. Each slice corresponds to a specific range of pixel values and is displayed
using a distinct color or grayscale color range, effectively highlighting areas within
the image based on their brightness or intensity. This method is particularly useful
for simplifying image data and emphasizing subtle differences in grayscale values
that might be difficult to discern with the naked eye.

Figure 11 shows the obtained map by the application of the density slicing tech-
nique for the study area, indicating a clear contrast among various mineralogical

formations of sabkhas.
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Figure 11. The obtained map by the application of the density slicing technique for the study area, indicating a clear
contrast among various mineralogical formations of sabkhas.
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Sabkha areas were classified using the density slicing technique to differentiate
the mineralogical composition of sabkhas by means of spectral reflectance (spec-
tral signature). Each area with similar spectral reflectance was assigned a specific
color to distinguish it from others, where each color on the map represents a dis-
tinct mineralogical percentage, which produces a unique spectral signature over
the sabkhas. Samples were collected from the field with respect to their different
spectral reflectances. Accordingly, nine diagnostic areas were obtained due to
their different reflectance. Each color on the map represents a unique percentage
for each mineral of the five minerals in question (Quartz, Calcite, Aragonite, An-
orthite, and Petedunite) and not a distribution of a specific mineral.

Regarding the mineralogical distribution map obtained by density slicing of
sabkha areas, GPS locations for each distinctive color were registered for field
sampling and later laboratory analysis, as each color represents a distinctive lith-
ological distribution. Combining the data obtained from laboratory analysis of the
sampled specimens reveals the lithological composition of the sampled location.
Accordingly, separate maps were made showing the distribution of each distinc-
tive color separately; each color represents a distinctive spectral signature of the
mineralogical composition of that area, and other areas of closely related miner-
alogical composition and percentage.

It is noteworthy, that the spectral signature of each distinctive area may not
reflect the spectral reflectance of one mineral in specific, but a collection of min-
erals in aggregate also known as mixed pixel (where multiple mineral coexist in
one area may participate in creating one diagnostic spectral signature related to
their percentage), as long as they coexist in same percentage, however, any re-
markable change in percentage of these minerals, will yield in different spectral

signate and accordingly different color.

4. Results and Discussion

The mineral distribution maps were generated by correlating the spectral classes
identified via density slicing with the quantitative mineralogy determined by XRD
analysis of the nine targeted samples (Table 3). Accordingly each different area of
different spectral reflectance was appended with the quantitative percentages ob-
tained from the XRD analysis of each sample. Five maps were made for each of
the five most abundant and remarkable reflectances throughout the study area.
These minerals included quartz, calcite, aragonite, anorthite, and petedunnite.
Every map shows the percentage of these minerals over the sabkhas, as the darker
color refers to a higher percentage of the mineral, while the lighter color refers to
a lower percentage.

Evaporite minerals (e.g., gypsum, halite, and anhydrite) in Kuwait’s sabkha are
considered a major constituent. Nevertheless, the results of the XRD and Landsat
imagery analysis of the collected surficial deposits in this study showed the ab-
sence of these minerals in all sabkha locations. Based on published geological and

environmental studies, this can be attributed to the fact that evaporite minerals
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Table 3. XRD analysis results for the collected surficial samples from the sabkhas in the

study area.
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1 A 50.60 15.10 11.60  22.70 0.00 0.00 0.00 0.00
2 B 16.05  20.89 0.00 63.07 0.00 0.00 0.00 0.00
3 C 70.00 16.40 0.00 6.60 0.83 6.11 0.00 0.00
4 D 56.38  43.62 0.00 0.00 0.00 0.00 0.00 0.00
5 E 53.50 11.03 0.00 35.40 0.00 0.00 0.00 0.00
6 F 22.60 8.75 0.00 68.60 0.00 0.00 0.00 0.00
7 G 93.81 6.19 0.00 0.00 0.00 0.00 0.00 0.00
8 H 44.60 4.03 6.84 0.00 0.00 0.00 43.80 0.00
9 I 3540 16.70 0.00 0.00 0.00 0.00 0.00 47.90

are not absent in Kuwait’s sabkha deposits but are typically found just below the
surface, not on it.

Several factors, primarily seasonal freshwater influx and the nature of the shal-
low water table, contribute to the lack of a visible surface crust of evaporites like
gypsum or halite as follows:

1) Hydrological conditions:

a) Seasonal freshwater recharge: Kuwait receives more winter rainfall, and its
sabkhas are influenced by occasional rainstorms and runoff from the surrounding
desert. This influx of less saline water can dissolve or prevent the formation of a
permanent evaporite crust on the surface ([8]; Khalaf & Al-Ajmi, 1993 [29]).

b) Dissolution by groundwater: The near-surface groundwater in many Kuwaiti
sabkhas can be less saline than the brines required for widespread surface precip-
itation of minerals. The influx of this water can also dissolve existing surface salts,
especially during cooler, wetter periods [8] [29].

¢) Depth of the capillary zone: In the context of the Kuwait Group aquifer, spe-
cific studies mentioned (Khalaf, F.I., 1989) [30]; (Al-Sarawi, M., 1989) [31] would
provide the precise measurements for that specific location, but based on general
sabkha hydrology, the process occurs within a shallow, surface-connected capil-
lary system typically measured in a few meters at most.

2) Climate and wind action:
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a) Aeolian sediment cover: Kuwait’s coastal sabkhas are frequently subjected to
the invasion of mobile sands transported by the prevailing northwesterly winds.
This sand can bury recent surficial evaporite formations, masking them from view
and altering the surface texture of the sabkha ([8] [29]; Khalaf & Al-Hashash, 1987
(321)

b) Deflation and disturbance: Strong winds can cause deflation, or the erosion
of surface sediments. This can remove thin, delicate surface salt crusts, leaving
behind a less prominent surface [8] [29] [32].

3) Diagenetic processes and subsurface precipitation:

a) In sabkhas, evaporite minerals like gypsum and anhydrite frequently form in
the subsurface capillary zone, just above the shallow saline water table, but based
on general sabkha hydrology, the process occurs within a shallow, surface-con-
nected capillary system typically measured in a few meters at most. The Kuwait
Group aquifer, which underlies the sabkhas, contains evaporite deposits, but these
are typically encountered during subsurface investigations [30] [31].

b) Gypsum hydration and dehydration, the reversible process of gypsum
(CaSO42H,0) converting to anhydrite (CaSO,) and back again can occur based
on changes in temperature, salinity, and water availability. This process can cause
the evaporites to be buried or texturally altered, and a simple surface observation
might not reveal the full evaporite mineralogy [30] [31].

4) Microbial mat activity:

Microbial mats are an active component of Kuwait’s sabkha ecosystems. Their
presence and activity provide a physical and biological mechanism that helps ex-
plain why surface evaporite minerals may be less common or absent, as the mats
can stabilize surface sediments and the associated microbial processes can influ-
ence the timing and location of mineral precipitation ([8]; Al-Zaidan & Jones,
2006 [33]; Ahmad, 2016 [34]; Taj & Aref, 2014 [35]; Aref & Taj, 2018 [36]).

The percentage distribution of Anorthite mineral in the study area is shown in
Figure 12, appearing in blue on the map, and within the range of 0% - 43.8% in
the sabkha areas. The anorthite distribution reveals that it is mostly concentrated
in the northern sabkhas rather than the southern sabkhas. This can be attributed
to as the northern sabkhas in Kuwait tend to contain more detrital plagioclase
(including anorthite) because they receive coarser, more siliclastic/river-derived
sediment (provenance), experience different hydrology/groundwater and salinity
regimes that limit plagioclase dissolution, and preserve wind-blown and deltaic
silicate material in sheltered (nabkha) settings, whereas southern sabkhas are
more strongly dominated by carbonate/evaporite deposition and more intense
chemical alteration that removes labile feldspars ([6] [8]; Khalaf et al, 1995 [37];
Strohmenger et al, 2010 [38]; Wasel et al, 2025 [39]).

The concentration of aragonite varies among different locations in the sabkha
areas, as it ranges from 6.6% - 68.6% (Figure 13). According to the variance in
darkness intensity, with darker colors indicating a higher percentage of the min-
eral’s concentration in the area. It is noticed that higher concentrations are along

the coastal sabkhas around the northern and southern coasts of Kuwait Bay.
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Figure 12. A map showing the distribution of Anorthite mineral (blue color) in the sabkha
areas.
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Figure 13. A map showing the distribution of Aragonite mineral with variant percentages
in different locations in the sabkha areas.
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This can be attributed to several reasons.

1) Proximity to marine input & biogenic carbonate sources: Coastal sabkhas are
regularly flushed or influenced by seawater (tidal or episodic marine ingress),
which brings carbonate organisms (shells, mollusks, echinoderms, foraminifera)
whose biogenic carbonate is often aragonite (Alshemmari, et al, 2013 [40]).

2) High evaporation rates and hypersaline pore/water-surface brines: Coastal
flats are exposed to high solar radiation, high temperature, low freshwater input,
promoting evaporation. This increases concentration of Ca*" and carbonate/ani-
ons in shallow pore waters, promoting aragonite precipitation or stabilization (at
least initially before conversion) ([15]; Gunatilaka, 1991 [41]).

3) Sediment texture & hydrology: Coarser, better-drained sediments or those
receiving sediment with skeletal fragments allow for preservation of aragonite, re-
ducing fine clay/silt that may bury or promote heavier diagenesis. Coarse,
sandy/bioclastic sediments correlate with higher carbonate content (often arago-
nite) in bay sediments. In contrast, muddy/silted zones with high clay tend to have
lower aragonite content [15].

4) Shallow water, frequent flooding, tidal influence: When areas are flooded
(tidal channels, beach fronts) the marine water brings in organisms, alkalinity,
and tends to inhibit extreme evaporation and extreme diagenesis. These episodic
marine incursions help maintain conditions favorable to forming or preserving
aragonite [6].

5) Limited replacement/diagenetic alteration: Aragonite is less stable over geo-
logical timescales and tends to convert to calcite or be replaced if buried too long,
or if exposed to certain chemical conditions (e.g., low Mg/Ca, lower salinity, more
open groundwater flow). Coastal sabkhas often have shallow burial and condi-
tions that delay or mitigate full diagenetic transformation. Some studies in Kuwait
show local dolomitization or replacement of aragonite occurring but not uni-
formly; aragonite is preserved in many surface and near-surface sediments [41].

The calcite mineral is distributed in different percentages in different locations
in the study area ranging from 4.03% - 43.62% (Figure 14). The color’s darkness
intensity was also used as a key to represent the variation in the percentage con-
centration of the Calcite mineral, with darker colors indicating a higher percent-
age.

The XRD and Landsat imagery showed the existence of Petedunnite mineral
with a range of 0% - 49.7% without variation in distribution as in calcite or quartz
(Figure 15), and this is due to the appearance of the mineral in one sampling
location of the 9 sites. It is a zinc-rich silicate rare mineral associated with meta-
morphic rocks formed under high temperature and pressure environments. A
literature review revealed no prior reports of the existence of the rare mineral
Petedunnite in the coastal sabkha deposits of Kuwait. This study is the first to
document its presence in this geological setting. The fundamental difference in
the geological conditions necessary to form each of the sabkha minerals prevents

Petedunnite from existing in the coastal sabkhas of Kuwait. Petedunnite requires
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Figure 14. A map showing the distribution of Calcite mineral with variant percentages in
all locations in the sabkha areas.
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Figure 15. A map showing the distribution of Petedunnite mineral in the sabkha areas.
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the heat and pressure of metamorphism in a zinc-rich deposit, while the sabkha
minerals form at or near the surface through the low-temperature process of evap-
oration. This suggests that this mineral is not locally formed but due to the prov-
enance transport by the Al-Rimmah-Al-Batin wadi deltaic fluvial system ([8];
Khalaf & Ala [42]).

The occurrence of Petedunnite within sediments attributed to the Al-Dibdibah
Formation is best interpreted as detrital rather than authigenic. The Al-Dibdibah
Formation, of Neogene to Quaternary age, is composed predominantly of uncon-
solidated to weakly lithified gravels, sands, and silts deposited within fluvial and
alluvial fan environments across eastern Saudi Arabia, Kuwait, and southern Iraq.
These deposits are chiefly clastic in nature, consisting largely of quartz, chert,
limestone, and dolomite fragments, reflecting derivation from the erosion of older
sedimentary and carbonate successions (Powers et al, 1966 [43]; Al-Sayari & Zotl,
1978 [44]; Alsharhan & Nairn, 1997 [45]).

In contrast, Petedunnite (ZnMnSi,Og) is a zinc-manganese pyroxene known to
crystallize under high-temperature metamorphic or hydrothermal regimes, typi-
cally within Mn-rich silicate rocks or skarn assemblages associated with metamor-
phosed Zn-Mn ore deposits. Its type locality in the Franklin-Sterling Hill district
(New Jersey, USA), and other reported occurrences (e.g., Dunn, 1985 [46]; An-
thony et al, 2003 [47]) indicate formation under medium- to high-grade meta-
morphic conditions, often exceeding 500°C, within carbonate-silicate contact
zones or hydrothermal alteration systems.

Given these contrasting formation environments, the presence of Petedunnite
within the Al-Dibdibah Formation cannot reasonably be attributed to authigenic
or diagenetic mineralization. Instead, it most plausibly represents detrital rework-
ing of mineral grains or rock fragments derived from older, metamorphosed Zn-
Mn-bearing lithologies exposed in the regional provenance area. This interpreta-
tion supports a multicycle sedimentary origin for certain heavy-mineral compo-
nents within the Al-Dibdibah Formation and reinforces the view that these sedi-
ments serve as secondary repositories of mineral species formed under conditions
markedly different from their current depositional setting.

Quartz mineral has a wide range of percentage distribution, as indicated in the
map legend in Figure 16. This is because all collected samples have Quartz in their
ingredients but with different percentages.

Quartz and Calcite are the only minerals found in all samples, indicating the
abundance of these two minerals in the study area. Quartz (detrital origin) is pri-
marily sourced from the Arabian Shield, a large landmass of ancient igneous and
metamorphic rock. Sediments from the Arabian Shield are transported into Ku-
wait via the Wadi Al-Rimmah-Al-Batin fluvial system. These sediments are then
widely distributed across the country by wind, forming extensive sand sheets that
cover most of Kuwait’s surface. As a result of its durability and high resistance to
chemical and physical weathering, quartz is the most common mineral found in

these sediments.
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Figure 16. A map showing the distribution of Quartz mineral with variant percentages in
all the locations in the sabkha areas.

Calcite (biogenic and marine origin) in coastal sabkhas is derived from the skel-
etal fragments of marine organisms. The underlying geology, including the Eo-
cene carbonates that form the local aquifer, also supplies calcite. Seawater infil-
trates the sabkha and interacts with the carbonates, influencing the mineral com-
position of the sediments.

The specific characteristics of coastal sabkhas combine both marine and terres-
trial sediment inputs. Terrigenous input, sediment from the land, rich in quartz,
is delivered to the coastal areas. Marine input, seawater and marine life provide
the calcite. High preservation potential: The arid climate and high evaporation
rates in coastal sabkhas mean that these durable minerals are well preserved, lead-

ing to their concentration in the deposits.

5. Conclusions

The coastal line of Kuwait witnesses the distribution of sabkhas in relation to def-
inite morphological features such as depressions and gentle slopes. Accordingly,
there exist two types of sabkhas: coastal and inland sabkhas. The former is distrib-
uted in the elongated depression zone and along the northern and southern shore-
lines, whereas the latter is distributed in desert side along western areas of the

southern coastal line and recently covered with aeolian sediments.
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Mineralogically, the sabkha recent sediments in northern areas are composed
of clastic carbonate mud, including micrite and silt size low-Mg calcite and dolo-
mite with fewer quantities of terrigenous silt, which quantitatively magnifies land-
ward as a result of the drifting wind action, to coarse sand (majorly quartz). The
existing calcite carbonates are being brought to the area originating from the salt
weathered remote limestone terrains in the Middle East. According to the previ-
ous studies and from mineralogical point of view, the sediments of both sabkhas
are composed of quartz, feldspar, calcareous, and evaporites (gypsum and halite
grains) and rock fragments. But in this study, evaporite minerals such as gypsum
and halite were absent in all collected samples. Depending on the fact that evapo-
rite minerals are not absent in Kuwait’s sabkha deposits but are typically found
just below the surface, not on it, suggests the burial or, coverage, and accumula-
tion as subsurface sediments, where the precipitation of such sediments is a func-
tion of several factors including the hydrological conditions, climate and wind ac-
tion, diagenetic processes and subsurface precipitation, and microbial mat activ-
ity. This led to the removal of the crustal thin veneer of evaporite minerals by
deflation, dissolution, or coverage by the recently witnessed increased aeolian ac-
tion either by encroachment of mobile sand sheets or the increasing migration
rate of sand dune belts in the north-northwestern towards the coastal areas. An-
other possibility is depth of the capillary zone, which suggests that the depth of
the collected surficial samples in the study excluded the subsurface deposits of the
evaporite minerals.

As for the quartz grains, they are believed to be from the erosion of nearby
Pleistocene-Holocene coastal ridges or/and from the sand drift by the prevailing
northwesterly wind, while the rest of the components are believed to be of marine
origin generated by present-day processes. Therefore, quartz and calcite minerals
were the predominant and most abundant minerals in the study area.

The interpretation of petedunnite existence in the sabkha deposits supports a
multicycle sedimentary origin for certain heavy-mineral components within the
Al-Dibdibah Formation and reinforces the view that these sediments serve as sec-
ondary repositories of mineral species formed under conditions markedly differ-
ent from their current depositional setting. So it is likely that the primary source
Petedunnite, is the Al-Dibdibbah deposits, which were carried to the area by the
Al-Rimmah-Al-Batin wadi system. These deposits originated from the erosion of
the Arabian Shield, which contains igneous and metamorphic rocks [8] [42].

The presence of Anorthite, which is a plagioclase mineral in the mafic igneous
rocks, and Petedunnite, is a dependable base to believe that most of the sabkha
deposits are originated from Al-Dibdibah Formation gravelly deposits, which in
their turn are originated from the Arabian Shield rocks during the glacial period
of the Pleistocene age. This was proved by the surface features on the quartz grains
due to the glacial action in this period (conchoidal fractures and the stepped cleav-
age planes) [8]. Moreover, the existence of the skeletal fragments and oolites only
in the coastal sabkhas and their absence in the inland sabkhas make it eligible to

consider the elongated coastal fossiliferous oolitic limestone ridges as a secondary
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contributor to the coastal sabkha sediments.

Most of both sabkhas are composed of variant sized sand deposits intercalated
with mud, gypsum or hard pan layers of gatch. Due to the action of the prevailing
northwesterly wind the surface of both sabkhas is subjected to the mobile sand
encroachment, which resulted in the formation of a sand sheet blanket on the sur-
face of these sabkhas. This is supported by the abundance of quartz mineral in all
sabkha surface deposits and the absence of evaporite minerals in the surficial de-
posits.

The encroachment of mobile sand sheets onto sabkha surfaces in coastal Kuwait
presents significant challenges due to the unique characteristics of sabkha soils
and the arid environment. The practical implications affect coastal infrastructure
stability, comprising foundation instability and corrosion, burial and damage to
facilities, and disruption of transport networks; land use planning concerning ur-
ban expansion risks and decline of natural habitats; and environmental manage-
ment strategies in relation to ineffectiveness of traditional measures, need for in-
tegrated planning, sustainable solutions requirement, and policy and enforcement
gaps; leading to considerable economic and social cost (Al-Awadi & Misak, 2000
[48]; AlHelal & AlAwadhi, 2006 [49]; Al-Otaibi & Aldaihani, 2021 [50]; Kuwait
Foundation for the Advancement of Sciences (KFAS), 2024 [51].

As a general conclusion, the Kuwaiti sabkhas in the northern sector are dis-
tinctly different from those in the other coastal sabkhas in the southern shoreline
of Kuwait or even the southern coastal areas of the Arabian Gulf, as they are char-
acterized of occupying abundant siliciclastic carbonate host sediments of sabkhas,
absence of algal mat growth, which is associated to the tidal channels in the area,
and lack of recent diagenetic dolomite formation. GIS and Remote Sensing tech-
niques are of significant benefit in extracting sabkha areas from the coastal geo-
morphological features by applying the density slicing technique using different
remote and GIS techniques. In the same context, they are very useful in recogniz-
ing the mineralogical characteristics of sabkha depending on their reflecting cat-

egories.
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