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is studied for sustainable development.
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ABSTRACT

The inland sabkha of the Arabian Gulf is important to study for the occurrence of minerals, rocks, soil salinity, and
stability of the sabkha due to the high demand for infrastructure and agriculture development region. This study
describes the spectral absorptions of evaporite minerals, discriminates rocks, maps salt crusts, gypsiferous soil
flats, and soil salinity, and studies the temporal stability of an inland sabkha of the Dukhan area, west coast of
the State of Qatar. This was performed using satellite data of the Hyperion of EO1, ASTER of Terra, and multispec-
tral instrument (MSI) of Sentinel-2. The occurrence of minerals in the area is detected using Hyperion data by the
linear spectral unmixing (LSU) method and studied for their spatial distribution. The different geological forma-
tions of the sabkha were discriminated by using the VNIR (visible and near-infrared) and SWIR (shortwave infra-
red) spectral bands from ASTER by principal component analysis (PCA). The image developed by using the
principal components (R:PC2, G:PC3, B:PC5) showed the formations in different tones. Salinity of the area was
mapped using monthly data of MSI from 2018 to 2020 by normalized difference salinity index (NDSI)
(band11-band12)/(band11 + band12). The results of the index displayed the distribution of salinity in the
area. Besides, moisture of the area was studied by using the normalized difference moisture index (NDMI)
(b8-b11)/(b8 + b11) and described the temporal stability of the sabkha. All the results of image analyses were
validated through field and laboratory studies. The study of laboratory spectra of evaporite minerals namely gyp-
sum, anhydrite, and halite present in the salt crusts and gypsiferous soil flats showed their unique spectral ab-
sorptions in between 1.4-1.5 um and 1.9-2.0 pm whereas, the calcite and dolomite minerals of the carbonate

formations exhibited deep absorptions near 2.345 and 2.495 pm respectively.
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1. Introduction

Sabkha (an Arabic word meaning salt flat) of arid, semi-arid, and
sub-humid regions has aggressive environments. The soils of sabkha
consist of concentrated brine where the salts are a serious problem to
the development and sustainable utilization of land resources in the re-
gion (Saeed et al., 2020; Al-Homidy et al., 2017; Basyoni and Aref, 2016).
Factors affecting the development of evaporite minerals and sabkha in
the region include climate, geomorphology, and chemical composition
(Censi et al., 2020; Chenchouni, 2017; Schulz et al., 2015). Fluctuations
in temperature and humidity in the region form various salts of chloride
and sulfate in the capillary “vadose” zones (Alharbi et al., 2012; Bai et al.,
2011; Rongjiang and Jingsong, 2010) and the quality of soils of the
sabkha mainly depends on the presence of the amount and types of
salts such as anhydrite (CaSQ,), calcite (CaCO3), gypsum (CaS04.2H,0),
Halite (NaCl), and dolomite (CaMg(COs),) (Censi et al., 2020). Thus,
naturally existing soils of the sabkha often have loose, low density, un-
stable, and low compression strength characters (Al-Amoudi and
Abduljauwad, 1995) and are unacceptable for the use of normal prac-
tices (Al-Amoudi, 1994). Sabkha of the arid Arabian region extends in-
termittently with different extensions along the Gulf coasts (Fig. 1).
The study of the concentration of salts in the coastal sabkha of the
Arabian Gulf by Dhowian et al. (1987) showed the presence of higher
salts which is 4 to 5 times higher than the Gulf water. The understand-
ing of changes in the brine composition due to periodic wet-dry cycles
and the development of evaporite minerals of this region requires
multitemporal observations to assess the stability of sabkha (Lokier,
2013). Thus, mapping of salinity and the temporal stability of sabkha
in the arid is important especially, in the State of Qatar where the
sabkhas areas are considered for infrastructural and agricultural devel-
opment due to the dramatic rise in the population, industry, and agri-
culture (Khalil et al., 2020). However, the limited accessibility of
sabkha environments makes it difficult to study by field mapping.

In this connection, remote sensing techniques have the potential to
detect evaporite minerals, discriminate sabkha, and map salt crust and
saline soils. The techniques are capable of monitoring sabkha regions
and provide details for their spatial distribution to assess their suitability
for development (Bannari and Al-Ali, 2020; Gorji et al., 2019;
Abuelgasim and Ammad, 2019). A literature review shows that the
VNIR parts of the electromagnetic spectrum are sensitive to detect salt
crust and salt flats of sabkhas and the spectral regions can be used to
map saline soils (Gorji et al., 2019; Bannari et al., 2018, 2016; El-
Battay et al., 2017). The studies, based on the hyperspectral imagery,
show better identification and quantification of evaporite minerals
(Abd El-Hamid and Hong, 2020; Milewski et al., 2017; Riaza et al.,
2017). Field exposure of salts can be well identified by using the multi-
spectral satellite data due to the high reflectance of salts that depend on
characters such as color, mineralogy, surface smoothness, and type of
salts (Bannari et al., 2018, 2016; Al-Hemoud et al., 2020; Dematte
et al., 2004; Mougenot et al., 1994). Especially, the data that have high
spectral and spatial resolutions provide the best results and allow us
to develop different salinity indices to detect the salt-affected areas
(Elhag, 2016; Allbed et al., 2014). Indices developed using spectral
bands that characteristics to spectral absorption of saline soils have
the potential to show the occurrence of salt crusts (Nguyen et al.,
2020; Guo et al., 2019; Gorji et al.,, 2019).

Although several studies were carried out to map salt-affected areas
and model soil salinity of sabkha regions using remote sensing tech-
nique (Abuelgasim and Ammad, 2019; Khawfany et al,, 2017), the
study to assess the occurrence and distribution of salt crusts, salt flats,
and saline soil of an inland sabkha of the arid region using remote sens-
ing is limited. Therefore, this study aims to map the dynamic change in
the spatially and temporally distributed salt crust and saline soil flats of
an inland sabkha that occurred near Dukhan in the northwest coastal
region of Qatar (Fig. 1). The major objectives are 1) to describe the spec-
tral band absorptions of evaporites and map the minerals of the sabkha
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using Hyperion data of EO-1, 2) to discriminate the salt crust,
gypsiferous sand and silt flats, and carbonate formations of the area
using ASTER (Advanced Spaceborne Thermal Emission and Reflection
Radiometer) data of Terra, and 3) to characterize the soil salinity and
moisture of the area using MSI data from Sentinel-2 to understand the
occurrence and spatial distribution of the evaporites, salt crusts, salt
flats of the area and temporal stability of the sabkha in an arid climate.
This study evaluates remote sensing results by conducting fieldwork
and analyzing field samples in the laboratory. The study of soil salinity
and temporal stability of sabkha using remote sensing techniques is im-
portant to scientists and environmentalists and useful to governmental
decision leaders, planners, and investors to plan and develop infrastruc-
ture and agriculture in the sabkha areas.

2. Dukhan Sabkha

The sabkha area studied is located near Dukhan on the west coast of
the State of Qatar (Fig. 1). It occupies an area of 73 km? and is the largest
inland sabkha in the Arabian Gulf. The sabkha has a length of approxi-
mately 20 km and a width of 2 to 4 km (Howell et al.,, 2010). This area
of sabkha is characteristic of little annual rain events between October
and May and completely dry from June to September (Cheng et al.,
2017). A previous study reports that the parts of sabkha in the north
lie below sea level and receive some seawater from Zekreet Bay which
is situated at a distance of approximately 3 km to the north (Ajmal
Khan et al.,, 2006; Al-Thani, 1992). Also, geologists have put forward
that the sabkha could have been an extension of the bay approximately
3000 years ago (Ashour, 2013). The Rawdat Jarrah depression is situ-
ated between the bay and the sabkha (Fig. 1).

Study of the stratigraphy and paleogeography of Qatar shows that
the geological formations of Qatar are part of the Arabian Gulf sedimen-
tary basin dominated by formations from the Tertiary and Quaternary
ages. There are three major formations namely 1) the Umm er Radhuma
Formation (Paleocene-Lower Eocene), (2) the Rus Formation (Lower
Eocene), and (3) the Dammam Formation (Middle Eocene), and the for-
mations are dissected by high-angle faults (Al-Saad, 2005; Cavelier
etal,, 1970; Rivers et al., 2019; Rivers and Larson, 2018). Among the for-
mations, the Umm er Radhuma Formation and the lower part of the Rus
formation do not crop out, while the upper part of the Rus and
Dammam formations are well exposed on the surface (Al-Saad and
Hewaidy, 2020; Boukhary et al., 2011; Fig. 1c). Recently, Rivers et al.
(2019) stated that the Umm er Radhuma Formation and the overlying
Rus Formation (Traina Member) were deposited in two different ma-
rine basins. They described that the southern basin was deposited by ex-
tensive evaporites and clay-rich siliciclastics during the early periods of
the Rus Formation and the deposits were not observed in the compara-
ble strata of northern basin. The northern basin was deposited by fossil-
iferous limestone and ferruginous chalky limestone of Rus formation (Al
Khor Member) and the Dammam Formation. The Dammam Formation
consists of five members namely the Rujm Aid, Midra Shale, Umm
Bab, Alveolina, and the Abaruq Members, and exposed well in the
northern part of Qatar (Al-Saad, 2005; Cavalier, 1975; Cavelier et al.,
1970). They stated that the deposits of Al Khor Member and Dammam
Formation of the basins were interconnected. The Dammam Formations
are overlined by the Dam Formation of Middle Miocene age and Hofuf
formation of Miocene and Pliocene ages. These formations were depos-
ited over by the miliolite of the Pleistocene age and the coastal and ae-
olian deposits of the Quaternary age. The large areas of sabkha of
Quaternary age occurred mostly on the east coast and the inland
sabkhas have occurred near the east of Dukhan.

Fig. 1 shows the occurrence of Rus and Dammam Formations and the
distribution of sabkha and aeolian deposits in the study area. The Rus
Formation (Er) consists mainly of dolomitic and chalky limestone (Al-
Saad and Hewaidy, 2020; Al-Hajari and Kendall, 1992). The Dammam
Formation occurs as a sequence of hillocks consisting of limestone and
dolomite (Edm1, Edm2AM, and Edm2SM) (Fig. 1a; Nasir et al., 2008;



S. Rajendran, HA.-S. Al-Kuwari, F.N. Sadooni et al.

Science of the Total Environment 782 (2021) 146932

50°45'0"E 50°50'0"E 50°55'0"E
N

Z Z

= o

=3 ol S

on o

7 7

~ IS

Z Z

= =

v - v

o~ N

7 7

(@ 3 9\
i K

Arabian :: 400 450 500 mﬁii
Gulf

= : o

SHE : S

e} : 7

[\l - (@\]
. Sabkha
E |:| Dammam Fm.
d Study area - Rus Fm.
r  d

2 i ;

o [ k@ 17

‘lq .,: S ” f 3 Km 2

. N I —
50°45'0"E 50°50'0"E 50°55'0"E
Legend
|:| Silty Alluvium (Qsm) |:| Limestone and dolomite (Edm2SM)

I Evaporite (halite) crusts (QsbEc)

[ | saline and gypsiferous sand and silt flats (Qsb)
[ |Calcareous sand (Qmcs)

|:| Siliceous sand (Qes)

- Limestone and clay (Md1)

I Dolomite and limestone (Edm2AM)
|| Shale, limestone and dolomite (Edm1)

I Dolomite and limestone (Er)
+/s Anticline

*{ Syncline

Sulphate line

Fig. 1. Showing a) the geology of Dukhan region, State of Qatar (Al-Saad and Hewaidy, 2020; Geological map of Qatar, 2007; Al-Youssef et al., 2006. The dotted sulfate line is from Dill et al.
(2005). Locations represent the soil samples collection); b) the distribution of sabkha soils in the Arabian Peninsula (Al-Amoudi et al.,, 1992); ¢) the distribution of sabkha, and Rus and

Dammam Formations in the State of Qatar (Al-Saad and Hewaidy, 2020).

Al-Saad, 2005). The Dam formation consists of fossiliferous limestone,
marl, and clay (lagoonal and marine deposits) that occur in the south
of the study area. The formation is deposited over by the siliceous
sands and silts (Qes) and marine calcareous sands (Qmcs) of the
Quaternary age. Sabkha in the study area is characterized by the pres-
ence of evaporite (halite) crust (QsbEc) and gypsiferous sand and silt
flats (Qsb) (Al-Youssef et al., 2006). Dill et al. (2005) interpreted a line
of sulfate occurrence over the gypsiferous sand and silt deposits. There
are numerous aeolian dunes in the study area. The area has alternating
anticlines (Dukhan and Abarugq anticlines) and synclines (Al Huriyeh
and Abaruq synclines), and a group of fold structures that run parallel
to the west coast in an NNW to SSE direction (Fig. 1; Leblanc, 2008).
The Dukhan anticline has a length of about 80 km and stands out from
the neighboring folds with steep dips. Folding is more pronounced in
the north of the study area and the structure is associated with deep-
seated salt movements (Leblanc, 2015; Dill et al., 2003).

3. Data and methodology
3.1. Satellite data

This study mapped evaporite minerals, salt crusts, salt flats, soil sa-
linity, and other geological formations in the study area using data
from Hyperion of EO1, ASTER of Terra, and MSI of Sentinel-2 satellites
(Table 1 in Appendix-A). The detection of minerals was carried out
using the Hyperion data by Linear Spectral Unmixing (LSU) method
(Singh, 2018; Rajendran and Nasir, 2017). The geological formations
of the area are discriminated by the processing of the visible and near-
infrared and shortwave infrared bands of ASTER by principal compo-
nent analysis (PCA) (Rajendran and Nasir, 2019; Ge et al., 2018;
Kumar et al., 2015). Soil salinity of the area and the temporal stability
of sabkha were studied by analyzing the spectral bands of MSI using
Sentinel-2 indices such as the Normalized Difference Salinity Index
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(NDSI) and the Normalized Difference Moisture Index (NDMI). Hype-
rion and ASTER data were obtained from the USGS Data Management
and Information Distribution (DMID) (https://glovis.usgs.gov/) and
MSI data were collected from European Space Agency (ESA) at the
Copernicus Open Access Hub. The sensor characters are given in
Table 2 in Appendix-A.

3.1.1. Pre-processing of data

i. Hyperion data

Hyperion of EO-1 satellite provides 242 spectral bands at a band-
width of ~10 nm in the spectral region of 400-2500 nm. The sensor
covers a spatial extent of 7.5 km width and 105 km length, and a spatial
resolution of 30 m (Pearlman et al., 2003; Table 2 in Appendix-A). The
signal-to-noise ratio (SNR) of the VNIR detector is from ~140:1 to
190:1 and for the SWIR detector is from 96:1 to 38:1 (Pearlman et al.,
2003). The data, acquired on March 5, 2010, was preprocessed and min-
erals of the study area were mapped (Table 1 in Appendix-A). The pre-
processing of data included rescaling of radiance, removal of spectrally
overlapping bands, bad bands, de-striping, smile effect correction, geo-
metric rectification, and atmospheric correction (Goodenough et al.,
2003) and was carried out using ENVI image processing software
(ENVI 5.5, Harris Geospatial Solutions, CO, USA; https://www.
harrisgeospatial.com). During which, bands that had no spectral infor-
mation (bad and un-calibrated bands such as 1-9, 58-81, 120-128,
165-174, and 225-242) were removed and a total of 168 bands (45 in
VNIR and 123 in SWIR) were used in this study. The Hyperion Level
1R product was not geometrically corrected and therefore the data
were georeferenced using Ground Control Point (GCP) selection (a
total of 15 points) and first-order transformation with an overall root-
mean-square error (RMSE) of 0.001720. The scattering of molecular
and particulates, absorption at the radiance-at-sensor, and retrieve of
the values of reflectance-at-surface was carried out using the Fast
Line-of-site Atmospheric Analysis of Spectral Hypercubes (FLAASH)
tool (Perkins et al., 2012; Anderson et al., 2002).

ii. ASTER data

ASTER has three bands in the VNIR, six in the SWIR, and five bands in
the TIR wavelength regions and the bands have 15 m, 30 m, and 90 m
spatial resolutions, respectively (Table 2 in Appendix-A; Fujisada,
1995). To map the geological formations of the study area (Fig. 1), two
cloud-free Level 1 ASTER data from July 22, 2003, were obtained
(Table 1 in Appendix-A) and used. The data have less than 2% cloud
cover and the registration of imageries was carried out using the GCPs.
Radiometric, geometric and atmospheric corrections were applied to
the data and carried out using FLAASH after a correction for cross-
track illumination to remove the water vapor and aerosols effects
found on the data.

iii. MSI data

MSI data of Sentinel-2 has 13 bands in the VNIR to SWIR spectral
region with spatial resolutions of 10 m, 20 m, and 60 m to study the
spatial information of earth surface features (Table 2 in Appendix-
A; ESA, 2015). In this study, we collected MSI Level-1C monthly
data of the years from 2018 to 2020 (Table 1 in Appendix-A) and
used them to study soil salinity of the area. The data were
preprocessed using the Sentinel Application Platform (SNAP) pro-
gram which has the Sen2Cor plugin and Sentinel-2 Toolbox
(http://step.esa.int/main/toolboxes/snap/) (Louis et al., 2016;
Clevers and Gitelson, 2013). Bands 1, 9, and 10 dedicated for coastal
aerosol, water vapor, and cirrus studies respectively were not in-
cluded during the processing.
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3.2. Image processing

3.2.1. Mapping of minerals

Several studies show mapping of minerals using Hyperion data by
spectral analysis (Abd El-Hamid and Hong, 2020; Abubakar et al.,
2019; Govil et al., 2018). In this study, the minerals of the gypsiferous
sand and silt flats, salt crusts, and carbonate formations of the study
area were carried out using the Hyperion data by linear spectral
unmixing (LSU) method (Singh, 2018; Rajendran and Nasir, 2017). To
detect the minerals, the endmembers that were collected from the
edges of the data cluster were used, since the spectra collected from
the field were not acquired under the same conditions of the data, and
the endmembers are directly correlated with the features detectable
in the data. But, the study of the absorption characters of minerals
using the USGS Spectral Library and the spectra collected over the
field samples were considered for using such endmembers in this
study. The LSU method has been proven for mapping evaporite min-
erals, rock types, salt crusts, and salt-affected soils (Milewski et al.,
2017; Zhang et al., 2014).

3.2.2. Discrimination of rock types

Several studies have been carried out mapping the rock types of arid
regions using ASTER data (Rajendran and Nasir, 2019; El-Janati et al.,
2014; Mars and Rowan, 2010). In the present study, mapping of Rus
and Dammam Formation, siliceous sand deposits, gypsiferous sand,
and silt flats and salt crust of the study area were carried out using the
VNIR-SWIR bands by PCA method by studying the eigenvectors of the
bands. The PCA method has been widely used to discriminate rock
types, mineralized zones, and alterations of arid regions (Rajendran
and Nasir, 2019, 2015; Ge et al., 2018; Kumar et al., 2015).

3.2.3. Study of soil salinity and temporal stability

Remote sensing of the salinity of soils portrays higher values in the
SWIR region and relatively lower values in the NIR region (El-Battay
et al., 2017; Nawar et al., 2014). Studies of soil salinity in arid regions
using Sentinel-2 were carried out by Wang et al. (2019), Taghadosi
et al. (2019), and Bannari et al. (2018). In this study, soil salinity of the
sabkha region was studied using the MSI data from 2018 to 2020 and
a salinity index of NDSI (band11-band12)/(band11 + band12) that pro-
vided in the Index database (IDB) for Sentinel-2 remote sensing indices
(https://custom-scripts.sentinel-hub.com/custom-scripts/sentinel-2/
indexdb/). The index was originally derived from ASTER bands (B4-B5)/
(B4 + B5) by Al-Khaier (2003) to map the salinity of soils of the Balikh
basin located in the northern part of Syria. Besides, this study uses the
Normalized Difference Moisture Index (NDMI) (b8-b11)/(b8 + b11)
and analyzes the moisture of the study area to understand the temporal
stability of the Dukhan Sabkha.

3.3. Field and laboratory studies

Field studies were carried out in the study area between 2019 and
2020 to verify the results of satellite images and validate the occurrence
of minerals, rock types, salt crusts, and saline soils of the salt flats. Dur-
ing the studies, the occurrence of evaporite minerals, carbonate rocks,
and saline soils were verified. Further, field photographs were taken
and samples were collected over the homogeneous top surface using a
GPS for laboratory studies. The samples were used to measure reflec-
tance spectra using a PIMA spectrometer to understand the spectral ab-
sorptions of the minerals and rocks of the area and map them over
satellite data (Rajendran and Nasir, 2017, 2015). Samples from field
studies were further used for mineral identification using an X-ray Dif-
fractometer (MiniFlex II, Rigaku, Japan) and the mineral phase identifi-
cation software (PDXL 2 Version 2.6.1 from Rigaku) to confirm the
presence of minerals in the area. Also, soil and mineral samples of the
area were measured for salinity, electrical conductivity (Ec), total
dissolved solids (TDS), and potential of hydrogen (pH) using the
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instruments YSI pH 100 and YSI EC 300 in the laboratory to understand
the salinity of the sabkha and confirm the results of NDSIL.

4. Results and discussion
4.1. Spectral absorptions of evaporites

Remote sensing of saline crusts that have bare soils of different types
show significant shortwave infrared (SWIR) spectral absorption
(Elnaggar and Noller, 2009; Metternicht and Fermont, 1998). However,
mapping of evaporite minerals, salt crusts, and salt flats requires a com-
plete understanding of the absorptions of such minerals and a proper
selection of spectral bands (Drake, 1995). Nawar et al. (2014) studied
the spectral absorption features of salt-affected soils and showed the
presence of two deep absorptions at 1415 and 1915 nm, and weak ab-
sorption features around 1748, 2207, and 2385 nm. Bannari et al.
(2018) measured the spectra of soil samples that have extreme saline
(Sabkha) and non-saline (agricultural fields) using a high-resolution
spectroradiometer and showed the presence of the absorption features
of gypsum at 1000, 1210, 1450, 1490, 1540, 1748, 1780, 1945, 1975,
2175, 2215, 2265, and 2496 nm. They described the presence of strong
absorption features for water at 975, 1190, 1450, and 1945 nm.

In this study, the laboratory spectra of evaporite minerals such as an-
hydrite (CaS0,), gypsum (CaS04.2H,0) and halite (NaCl.2H,0), and the
carbonate minerals namely calcite CaCO3 and dolomite CaMg(COs),
were studied for their spectral absorptions to map the minerals and
rocks that present in the area. Fig. 2a shows the spectra of minerals
stacked from the USGS spectral library in the 0.5-2.5 um wavelength.
The plot shows the absorption features of gypsum between 0.97 um
and 2.5 um in the SWIR region. The gypsum exhibits deep absorptions
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in between 1.4-1.5 um and 1.9-2.0 pm (solid vertical lines) due to the
presence of H,O in its contents (Cloutis et al., 2006; Crowley, 1991;
Clark et al.,, 1990). The halite and anhydrite show very weak absorptions
between 1.4 ym and 1.5 pm and weak absorptions between 1.9 um and
2.0 um when studied with the spectra of gypsum. Several authors re-
ported that the halite has absorptions near 1.4, 1.9, and 2.25 pm
(Bannari et al., 2018; Farifteh et al., 2008). The dolomite and calcite min-
erals exhibit deep absorptions around 2.345 pm and 2.495 pm (dashed
vertical lines) respectively, due to the presence of COs in its contents
(Fig. 2a; Clark, 1999; Van der Meer, 1995; Gaffey, 1987).

We also measured the spectra of halite (salt crust), gypsum, and an-
hydrite (of salt flats) minerals of the Dukhan sabkha and the carbonate
rocks of Dammam and Rus Formations in the 1350 to 2500 nm range in
the laboratory (Fig. 2b and c). Study of the spectra of gypsums (Gyp2, 5,
12, and 15) showed the presence of a broad triplet absorption between
1450 and 1550 nm and deep and broad absorptions around 1750 nm
and in between 1900 and 2000 nm (solid vertical lines, Fig. 2b). The ab-
sorptions in the wavelengths are due to the presence of H,O contents in
the minerals. The anhydrite (Any3 and Any7) and halite (Hal6) exhibit
strong absorptions between 1400 and 1500 nm and deep absorptions
between 1900 and 2000 nm (dashed vertical lines) (Singh et al., 2018;
Bishop et al., 2014). Halite is more reflective and exhibits a week ab-
sorptions around 1400 and 1900 nm when compared to the spectra of
other minerals. Dolomite samples of the Rus formation (Dol5, 16, and
21) display absorptions near 1915, 1920, and 2330 nm (dashed vertical
lines), and the limestone samples of the Dammam formation (Lst3, 7, 9,
and 12; Fig. 2c) show absorption near 1420, 1930, 1995, 2160, 2220, and
2343 nm (solid vertical lines). The deep absorption at 2343 nm in the
limestones and 2330 nm in the dolomite are characteristic of the
presence of carbonates in the samples (Rajendran and Nasir, 2017).

2300 2500

1000

7
1190 Nanometer

l T T T I T T T I T T T T
Quartz @
g
Halite §
]
Anhydrite °
= ’ /. :
E Gypsum H:0 s o
[=] Absjorptions
B - —
—
el
i
-
©
a ; 0
& 1300
S - —
w [\ﬂ\‘
_3 -
}D Dolomite 2
Calcite
a1
CO;|Absorptions -, %
o
0
=
| 1R
I 1 1 1 I 5 1 1 I 1 1 l 5 1 1 m
0.5 1.0 1.5 2.0 2.5
Wavelength in um
24

1300

i i i
1700 2100 2300

i
1500

Nanometer

Fig. 2. Spectral plots stacked from a) the USGS Spectral Library for minerals; b) the PIMA spectra of gypsum, anhydrite, and halite minerals of the Dukhan sabkha; c) the dolomite minerals
in the dolomite of Rus Formation and calcite minerals in the limestone of Dammam Formation of the study area.

5



S. Rajendran, HA.-S. Al-Kuwari, F.N. Sadooni et al.

Interpretations of the spectra of samples reveal that the minerals of the
sabkha region have unique absorptions in the SWIR bands and the
bands of ASTER in the wavelengths can be used to map the evaporites,
salt crusts, saline soils, and carbonate rocks of the region.

4.2. Minerals mapping of Hyperion

4.2.1. Hyperion spectral absorptions

We studied the contiguous hyperspectral bands of Hyperion data
(Fig. 3a) for spectral absorptions of the minerals. The image spectra col-
lected based on field knowledge (Fig. 1 in Appendix-B) over the pixels
of gypsiferous soil flats (HySp5 and HySp6), halite salt crusts (HySp7
and HySp8), and carbonate rocks of the Dammam formation (HySp1
and HySp2) and Rus formation (HySp3 and HySp4) are stacked and
given in Fig. 3a. The spectral plot shows the presence of prominent ab-
sorptions in the gypsum and halite minerals that occurred in the
gypsiferous soils and salt crusts. The spectra of minerals exhibit broad
absorptions between 1400 and 1500 nm (red elliptical) and deep ab-
sorptions near 1750 nm (dashed red elliptical) which are comparable
to the spectral absorptions of 1450-1550 nm and 1750 nm measured
over the gypsum and halite samples collected from the field (see
Fig. 2b). As well, the Hyperion spectra of carbonate minerals (Fig. 3a)
exhibit narrow and deep absorptions at 1400 nm (blue elliptical), and
deep and broad absorptions between 2200 and 2350 nm (blue dashed
elliptical) which can also be compared with the spectra measured
over the carbonate rock samples (see Fig. 2c). The spectral absorptions
in the evaporites of the sabkha region are owing to the presence of
water in the evaporite minerals (Warren, 2006). The absorptions be-
tween the 2200 and 2350 nm in the carbonate minerals are a result of
the presence of carbonates in the limestone and dolomite formations
(Aljerf, 2016). The spectra collected over the gypsiferous soil surface
(HySp5 and HySp6) showed the presence of strong absorptions near
1750 nm and 2200-2350 nm when compared with the spectra of halite

Spectral Profile
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salt crusts (Hysp7 and 8) which may be due to the mixing of the min-
erals in the soil.

4.2.2. Minerals mapping

To understand the occurrence and distribution of minerals in the
study area, we chose the image endmembers of Hyperion imagery
that represent the minerals of the salt crusts, gypsiferous flats, carbon-
ate rocks, and mapped the minerals by the LSU method. The result of
the mapping is given in Fig. 3b. The image shows the occurrence of min-
erals and their relative distributions over the salt crusts, gypsiferous salt
flats, and the carbonate formations of the area. The halite minerals (red)
are found and distributed over the salt crust and the gypsums (green)
are observed over the saline and gypsiferous sand and silt flats. The
image exhibits the presence of calcites (blue) and dolomites (yellow)
minerals over the dolomite and limestone rocks of the Rus and
Dammam Formations respectively. The distribution of minerals can be
studied with geology (Fig. 1).

4.3. Lithological discrimination of ASTER

The PCA matrix (Table 3 in Appendix-A) was used to identify the PC
that contains information about the presence of the evaporite crusts,
gypsiferous sand and silt flats, and carbonate formations of the area.
The matrix provided the eigenvalues in the order of 98.18, 1.61, 0.10,
0.04, and 0.02 percentages for the first five PCs among the components.
The PC1 scored the highest positive value in band 1 when compared to
the other components and the image of the component exhibited the
evaporite crust in grey and the other formations in white (Fig. 2a in
Appendix-B). The PC2 provided the highest positive value in band 2 and
the image showed the gypsiferous sand and silt flats in dark and the car-
bonate formations in white (Fig. 2b in Appendix-B). The Dammam
Formation can be distinguished in very bright on the image. The image
of PC3 (Fig. 2c in Appendix-B) showed the evaporites in bright and
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carbonate formations in grey and provided the highest value in band 3
(Table 3 in Appendix-A). The PC4 provided the maximum value in band
5 and the component image (Fig. 2d in Appendix-B) did not show any for-
mation of the study area distinctly. Whereas, the eigenvalue of PC5 pro-
vided the highest positive values in bands 4 and 6 and a negative value
in band 5, and the PC image (Fig. 2e in Appendix-B) showed the Rus
Formation in bright and the calcareous sand deposit in the dark. The com-
ponents PC6 to PC9 provided values less than 0.1% (Table 3 in Appendix-
A) and the images of components exhibited more noises.

Since the PC2, PC3, and PC5 provide useful information for the occur-
rence of different formations of the area, an image was produced using
the components (R:PC2, G:PC3, B:PC5) to discriminate the evaporite
crusts, salt flats, and other formations of the study area. The resulted
image is given in Fig. 4. It exhibits all the formations in different tones
and easily distinguishable except the minor occurrences of the silty allu-
vium and the limestone and clay deposits due to the spatial resolution of
data. The image exhibits the Rus Formation (Er) in magenta, Dammam
Formation (Edm2AM and Edm2SM) in yellowish-brown, and the calcar-
eous sand (Qcms) in dark brown with fine to medium textures (Fig. 4).
The siliceous sand deposits (Qes) that occurred over the carbonate forma-
tions appear in very light pink. The deposits that occurred inland exhibit
greenish cyan with fine to medium textures which may be due to the
presence of sulfates in the deposits. The gypsiferous sand and silt flats
(Qsb) show yellow and the evaporite crust (QsbEc) exhibits shades of
light yellowish pink with fine texture. The occurrence of siliceous sand
and silts over the salt flats shows the shades of blue with fine texture.
The discrimination of the salt crust, the gypsiferous salt flats, and carbon-
ate formations can be studied with the geology map of the area (Fig. 1).

4.4, Soil salinity and temporal stability of sabkha
4.4.1. Soil salinity of Dukhan sabkha

Taghadosi et al. (2019) retrieved the soil salinity of Kuh Sefid village
in the Qom Province, Iran using the Sentinel-2 and Landsat 8 data, and
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salinity indices. They stated that the indices can be considered for mon-
itoring the soil salinity and mapping of EC of the soil of the area. Also,
Bannari et al. (2018) described the sensitivity of VNIR-SWIR bands of
MSI to discriminate the soil salinity of Bahrain. They demonstrated the
capability of SWIR bands and the limitation of VNIR bands for the dis-
crimination of salinity. They stated that the SWIR bands are an excellent
candidate for monitoring and modeling the soil salinity at different
scales. In this study, the monthly data of Sentinel-2 were analyzed for
the years 2018 to 2020 using NDSI and the results are provided in
Fig. 5 by assigning a rainbow color (represents the lowest value in violet
and the highest value by red). The images of NDSI show the area of soil
salinity (SSA) in green bounded by yellow with fine texture in the area
of gypsiferous sand and silt flats (Figs. 1 and 5). The salinity is low over
the siliceous sand deposits and sand falts that appear in purple and
shades of blue which may be due to the presence of the low amount
of sulfate minerals. The carbonate formations of the area exhibit red
which may be due to the high reflectance of the formations. The inter-
pretation of images shows the area of soil salinity is high (green) during
the months between April and August in all the years (Fig. 5a to ¢) when
the surface and air temperatures are high, and the humidity and rainfall
are low (Govinda Rao et al., 2001). The gulf water appears in green like
the similar tone of the area of gypsiferous sand and silt flats suggests
that the features have nearly similar salinity during the months. Also,
the images show the presence of the extent of salinity in the area of
gypsiferous sand and silt flats and towards the Bay of Zekreet (dark
dashed elliptical, Fig. 5), parallels to the synclinal axes and sulfate line
by crossing the Rawdat Jarrah depression which may indicate the fed
of gulf water from the Bay of Zekreet to the area of sabkha (Fig. 1; Dill
et al., 2005; Al-Youssef, 2015; Al-Youssef et al., 2006; Ashour, 2013).
On the other hand, the images of the months between September and
March show the distribution of relatively low salinity in all the years
(Fig. 5a to c) when compared to the months between April and August.
The gulf water exhibit low salinity (blue) when compared to the area of
gypsiferous sand and silt flats (green) during the months between

Legend

Evaporite (halite) crusts

Saline and gypsiferous sand and silt flats
.] Calcareous sand

Siliceous sand

- Limestone and dolomite

N0£.£T

{

3% Dolomite and limestone

B

m Shale, limestone and dolomite

Ni€Z.6T

Dolomite and limestone

N0Z.T

ST

Fig. 4. ASTER principal component image (R: PC2; G: PC3; B: PC5) showing the geological formation of the Dukhan region. The dashed black rectangle represents the area of minerals

mapped using Hyperion.



S. Rajendran, HA.-S. Al-Kuwari, F.N. Sadooni et al.

Mar. 10

Science of the Total Environment 782 (2021) 146932

Fig. 5. Normalized Difference Salinity Index (NDSI) monthly images of MSI of the years a) 2020, b) 2019 and c) 2018 showing the area of saline soil (SSA) in green bounded by yellow in and
around the area of evaporite crusts and salt flats in the Dukhan region that appear in red. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

September and March. The interpretation of the images of all months
shows a gradual increase of salinity from the months of winter to the
months of summer. The difference in the salinity of seawater may be
due to the occurrence of low surface and air temperatures and the
high humidity during the months (Al-Shaibani, 2013; Govinda Rao
et al.,, 2001; Dhowian et al., 1987).

The high salinity of the area of gypsiferous sand and silt flats and
evaporite crust were further confirmed by the study of the distribution
of the types of soils of the area (Fig. 3 in Appendix-B). The study showed
the occurrence of the major types of soils namely 1) the Typic Aquisalids
that consist of Haplogypsids and Petrogypsids, Lithic Calcigypsids,
Haplocalcids, and Lithic Haplocalcids, 2) the Typic Psammaquents and

3) the Typic Torripsamments that consist of Lithic Torriorthents in the
Salids, Psamments, and Orthents Suborders within the Aridisols and
Entisols Orders of soils in the study area (Hussain et al., 2010). A review
of the literature shows that the Aquisalids are generally present in the
areas of flat inland sabkha and or the landscape that receives saline
groundwater through a lateral flow (Shomar et al.,, 2013; Hussain
et al., 2010). The soil type is characteristic of the salinization process
and is known to the presence of salt crust and salt flats that associated
with water have high electrical conductivity (Hussain et al., 2010;
Abdelfattah and Sahid, 2007). A comparative study of the distribution
of soils (Fig. 3 in Appendix-B) with the geology (Fig. 1) showed the dis-
tribution of the Typic Aquisalids in and around the area of evaporite
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crusts and salt flats in the study area. As well as, a comparative study for
the distribution of Typic Aquisalids soil (Fig. 3 in Appendix-B) with the
images of NDSI (Fig. 5) confirmed the spatial distribution of the salt flats
and evaporite crust of the area.

4.4.2. Temporal stability of Dukhan sabkha

To understand the temporal stability of Dukhan Sabkha and to sup-
port the results of NDSI, we studied the moisture (the trace amounts of
water content in liquid phase) of the sabkha area using the MSI data by
the Normalized Difference Moisture index, The results are given in Fig. 6
by assigning a rainbow color (represents the lowest NDMI values in blue
to the highest value by red). The images (Fig. 6) exhibit the area of
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moisture (MSA) in green bounded by cyan with fine texture over the
area of evaporite crusts and gypsiferous sand and silt flats (Figs. 1 and
4). The evaporite crusts and the siliceous sand deposits appear in red
to shades of yellow which may be due to the concentration of sulfate
minerals that contain the H,O contents. The interpretation of images
shows that the moisture of the area is high over the evaporite crusts,
gypsiferous sand and silt flats, and the gulf water during the months be-
tween April and August in all the years (2018 to 2020) when compared
with the area of carbonate rocks which appear in purple to blue which
suggest the presence of high water content in the features when com-
pared to the carbonate formations. The images exhibit the gulf water
in light green to yellow, the similar tone of the evaporite crust, and

Fig. 6. Normalized difference Moisture index (NDMI) monthly images of MSI of the years a) 2020, b) 2019 and c) 2018 showing the distribution of moisture in the sabkha (MSA) in green
bounded by cyan in and around the area of evaporite crusts and salt flats in the Dukhan region that appears in purple to blue. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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gypsiferous soil flats and suggest that the moisture over the features are
nearly similar during the period. Whereas, the images of the months be-
tween September and March show the area of moisture is relatively low
in the evaporite crusts, gypsiferous sand, and silt flats in all the years
(2018 to 2020) when compared to the months between April and
August. But, the moisture of the area is still high when compared to
the area of carbonate rocks and suggests the presence of more moisture
contents in the evaporite crust and gypsiferous soil flats. The images ex-
hibit the gulf water in red during September and March and suggest the
presence of high moisture over the gulf when compared to the moisture
of sabkha. The images show the presence of the extent of moisture from
the sabkha towards the Bay of Zekreet (white dashed ellipticals, Fig. 6)
during summer (white ellipticals) and the occurrence may be the influ-
ence of seawater from the bay (Ashour, 2013). The interpretation of im-
ages shows clearly a gradual increase of moisture from summer to
winter (Govinda Rao et al,, 2001).

Thus, in this study, the utilization of 1) the hyperspectral data of
Hyperion identified the major minerals of the sabkha, 2) the multispec-
tral ASTER data discriminated the evaporites, gypsiferous sand and silt
flats of sabkha, and different rock types of non-sabkha areas and
3) the MSI data showed the occurrence and extent of sabkha and the
distribution of salinity and moisture of the sabkha region. The interpre-
tations of images of the NDSI and NDMI of the years 2018 to 2020 sug-
gest that the sabkha is not homogeneous and the distribution of salt
crusts and salt flats are a dynamic and aggressive environment which
is due to the changes in climatic factors, which include mainly the rain-
fall, temperature, moisture, and wind in the area. The results may be
useful as a base to governmental decision leaders, hydrogeologists, soil
scientists, construction engineers, and environmentalists to develop in-
frastructures and agriculture and utilize such land resources for sustain-
able development of the region. The application of remote sensing shed
light to assess the large-time-scale environmental changes.

4.5. Field validation and laboratory studies

Fieldwork was conducted during the summer and winter of 2019
and 2020 in the study area to verify the occurrence of the minerals,
rocks, soils, and saline soils of the area and to validate the results of sat-
ellite data. In the field, the occurrence of Rus and Dammam Formations
(Fig. 7a, b) were verified and the presence of siliceous sand deposits
over the formations are confirmed. The siliceous sand deposits of the in-
land have occurred with sulfate minerals (Fig. 7c). The Rus Formation
occurs with dolomitic limestones and chalky limestones (Fig. 7a; Al-
Saad and Hewaidy, 2020) and the Dammam formations are characteris-
tics to mainly the limestones and fossiliferous limestones (Nummulitic
limestone) (Dill et al., 2003). The occurrence of shale and marl lime-
stone in the Dammam formation (Fig. 7d; Al-Saad, 2005) and the aeo-
lian sand deposits over the formation (Fig. 7e) are verified in the field.
The sand deposits are well-sorted and found as a non-stratified clastic
windblown aeolian deposit consists of mainly feldspar, mica, and quartz
grains (Nasir et al., 1999). The occurrence of sand deposits over
the sabkha and sand dunes in and around the salt flats are observed.
The drifting of sands, movement of the dune, and closure of roads by
the sand deposits are observed in the area during June. The marine cal-
careous sand deposits are studied along the coast (Fig. 7f). The sabkha
area is isolated in the land and the presence of gypsiferous sand and
silt flats and salt crusts in the area are verified. The changes in the wet-
ness and dryness of soils in the salt flats and crusts are studied during
the summer and winter. The changes in the occurrence and extent of
salt flats and crusts studied using the monthly satellite data are verified
in the field. The sabkha occurs in the synclinal structure between the an-
ticlinal structures (Figs. 1, 7g to k). The anticlinal structures are very
prominent and occurred as linear ridge with the carbonate formations.
The study of syncline structures and the geomorphology of the area sug-
gests that the sabkha is intruded by seawater from the bay which is sit-
uated in the north although the Dukhan anticline relatively protects
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seawater intrusion besides the groundwater in the region. The occur-
rence of more vegetation near Dukhan and Zekreet in the northwestern
part of the sabkha (Fig. 71) and the presence of Camel race court and
man-made activities in and around the salt crusts in the study area are
observed.

Further, the presence of major minerals namely calcite, dolomite,
gypsum, halite, anhydrite, quartz, feldspar, and mica are studied in the
field (Dill et al., 2003, 2005; Nasir et al., 1999; Diloreto et al., 2019; Al-
Disietal.,, 2017; Brauchli et al., 2016). The study shows that gypsum, ha-
lite, and anhydrite are the most common and dominant minerals in the
sabkha. The occurrence of insoluble salts and salt precipitation that de-
veloped the vast salt crust and flat due to the high rate of evaporation in
the arid climate is observed (Fig. 7g to k). The gypsum is constituted in
the soils of the salt flats and exhibited a dark and smooth surface (Fig. 7j,
k). The concentration of more minerals along the borders of the salt
crust is studied in the field. The presence of the shallow level groundwa-
ter table in the salt crust is identified by the occurrence of water in the
local depressions (Fig. 7i). The salt crusts are made up of halites
(Howari et al., 2002). The accumulation of halite in the local depressions
after the continued evaporation due to the increase of concentrated
brine in the depressions is observed. In the area of salt crust, the halites
dissolve during rain and are leached into the brine and redistributed.
The crystallization of halite formed a thick horizontal layer having
more than 5 cm thickness (Fig. 7h). The development of salt crust in
the pool during summer is studied and the salts can be removed from
the topmost surface layer (Fig. 7g, h) when compared to the gypsum
and calcite which are less soluble found in the gypsiferous salt flats
(Fig. 7k). The crystallization of gypsum crystals at the base of the local
brine pool as first and the later development of halites as a bright efflo-
rescent in the brine pool of salt crust are studied (Fig. 7i). To confirm fur-
ther the presence of minerals of the inland sabkha, the samples of
minerals and rocks are analyzed by X-ray diffractogram (Fig. 4 in
Appendix-B) which showed the presence of halite and gypsum in the
samples collected from the salt crusts, and the gypsum, palygorskite,
and kaolinite in the salt flats areas (Fig. 4a to d in Appendix-B). The anal-
yses of limestone and dolomite samples of the Dammam and Rus For-
mations showed the presence of calcites in limestone and dolomites
in the dolomite rocks (Fig. 4e and f in Appendix-B). Our field study sug-
gests that the fluctuation in the water table and the evaporation pro-
cesses are played a significant role in the formation and distribution of
the sabkha.

Moreover, the study of soils of the salt flats showed that these are bare
soils and characteristics to sandy, very loose, dense, and cemented by
salts (Fig. 7j to 1). The top layer consists of dry sand, silt, and salts, and
has an evaporation effect (Fig. 7j, k). The soil below the layer has fine ma-
terials of plastic silt and clayey sand with organic matter which vary from
place to place. The capillary action in the soils and formation of evaporite
is studied in the vertical sections. It is due to the continuous evaporation
at the salt flats. The measurements of salinity, Ec, TDS, and pH in the soil
samples collected over the salt crust and salt flats (Figs. 1 and 3 in
Appendix-B) are given in Table 1. It shows, the presence of excessively
high salinity in the samples collected from salt crusts (SC) and brines
(BSC) when compared to the samples of salt flats (SSF). The samples
collected over the salt crusts and brine provided the maximum salinity
values of 114 ppt and 116.8 ppt respectively and the very high salinity
values of the brines are related to the dissolution of halite (Table 1).
The salinity of the samples collected from the gypsiferous soils of salt
flats provided the salinity ranges between 9.4 ppt and 46.3 ppt. The EC
measured for the salt crusts and brines provided the maximum values
of 175.5 mS/cm and 171.15 mS/cm respectively. The high values of EC
in brine were mainly attributed to the evaporation processes and high
salinity in the samples. The samples of the gypsiferous soil showed values
between 25.13 mS/cm and 61 mS/cm. The measurements of TDS of
the samples provided the maximum values for the salt crusts, brines,
and gypsiferous soils as 141.9 g/L, 139.1 g/L, and 53.2 g/L respec-
tively. The concentration of TDS in the samples is due to the presence
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Fig. 7. Field photographs showing the occurrence of a) Rus formation, b) Dammam formation, c) siliceous sand deposit over the carbonate formation, d) shale within the Dammam
formation, e) aeolian sand deposit, f) calcareous sand deposit along the coast, g) to i) salt crusts, j) and k) salt flats, and 1) the vegetation distribution in the Dukhan region.

of Na*, Ca®*, Mg?*, CI~, and SO, 2~. The values of EC and TDS of the
samples reflected the salinity of the area (Fig. 5 in Appendix-B). Be-
sides, the measurement of pH for the samples of sabkha provided
high values in the range between 7.15 and 8.77 (Table 1). The values
measured for the samples collected over the sand and silt deposits
(SSS) provided high pH and low salinity, Ec, and TDS when compared
to the other samples. The study of salinity, Ec, TDS, and pH of the area
confirms that the area of sabkha is under an aggressive environment
due to the occurrence of saline soil and brines in and around the salt
crusts and salt flats. The field and laboratory studies suggest that the
sabkha poses a serious threat for any sustainable development in-
cluding for the irrigation and agriculture of the area due to the irreg-
ular dehydration of gypsum.

5. Conclusions

This study utilized satellite data of Hyperion, ASTER, and MSI, and
mapped the minerals, rocks, salt crusts, and gypsiferous soil flats, and
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studied the temporal stability of the inland sabkha that occurred near
Dukhan. The interpretation of the spectral absorption features of the
minerals of the salt crusts and gypsiferous soil flats showed their unique
spectral absorptions in the wavelength of 1.4-1.5 pm and 1.9-2.0 pm.
The minerals were detected using Hyperion data by Linear Spectral
Unmixing (LSU) method and studied for their spatial distribution. The
principal component image (R:PC2, G:PC3, B:PC5) developed using
ASTER data showed the occurrence of the different geological forma-
tions of the area in different tones. The discrimination of formations al-
lows us to assess the occurrence and distribution of the salt flats and
crusts of the sabkha. The salinity and moisture of the sabkha region
were studied using the monthly data of MSI for the years 2018 to
2020 and the distribution of salinity and moisture in the sabkha region
is described. The interpretation of NDSI and NDMI images showed the
variation in the occurrence and distribution of salinity and moisture
which are dependent on the changes in the climate over the area. The
results of remote sensing were verified and validated through field
studies. The measurement of salinity, Ec, TDS, and pH parameters in
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Table 1
Salinity, Ec, TDS and pH values of the brines, salt crusts, salt flats and soils of the Dukhan sabkha, Qatar.

Sample type® Location Salinity (ppt) Electrical conductivity (mS/cm) TDS (g/L) pH

1SC 25°26'1.23"N; 50°54'51.74"E 121.20 175.50 141.90 8.18
2 BSC 25°26'0.35"N; 50°54'13.52"E 116.80 171.15 139.10 8.41
3 BSC 25°25'49.31"N; 50°54'26.90"E 114.30 163.72 132.81 8.52
4SsC 25°25'51.38"N; 50°53'46.44"E 56.90 78.20 62.70 8.39
5SSC 25°25'52.42"N; 50°52'50.43"E 46.60 66.60 53.70 8.40
6SC 25°25'8.90"N; 50°52'37.54"E 114.00 172.70 139.70 8.40
7 SSF 25°250.68"N; 50°51'52.65"E 42.70 61.00 49.50 8.47
8 SSS 25°19'30.80"N; 50°51'21.29"E 340 6.09 4.95 8.38
9SS 25°17'51.62"N; 50°51'51.64"E 4.00 7.08 5.70 8.77
10 SSS 25°17'1.24"N; 50°51'28.84E 8.80 14.45 11.72 8.74
11 SSF 25°23’50.95"N; 50°49'28.87"E 41.90 60.00 48.70 8.28
12 SSF 25°23'5.46"N; 50°49'41.36"E 40.90 58.80 47.70 8.33
13 SSF 25°22'42.37"N; 50°5072.84"E 27.50 41.24 33.52 8.35
14 SSF 25°22'9.32"N; 50°49'32.33"E 28.00 42.19 34.02 7.15
15 SSF 25°21'29.93"N; 50°49'32.46"E 28.90 45.37 36.64 8.25
16 SSF 25°19'42.33"N; 50°49'36.03"E 9.40 15.50 12.60 7.85
17 BSC 25°29'55.47"N; 50°54'17.27"E 109.7 149.72 113.52 8.34
18 SSS 25°28'20.11"N; 50°53'14.69"E 12.80 20.52 16.62 8.74
19 SSF 25°29'15.34"N; 50°53'46.37"E 46.30 65.50 53.20 7.96
20 SSF 25°29'35.78"N; 50°52'51.60"E 15.90 25.13 20.36 8.39

@ SC - Salt crust; BSC - Brine in the Salt Crust; SSC - Soil in the Salt Crust; SSF - Soil of the Salt Flat; SSS - Soil over the Sand and Silt deposits.

the field samples collected from the salt crusts and salt flats suggested
that the sabkha is an under-aggressive environment. This study demon-
strated the potential of Hyperion, ASTER, and MSI and the capability of
image processing methods to map and study the inland sabkha of an
arid region.
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