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Abstract This paper investigates the morphology, texture,
composition, mineralogy, and geochemistry, and provenance
of sand dunes from 10 locations in Saudi Arabia. Morpholog-
ically, these sand dunes include linear, parallel to subparallel
ridge, parabolic, barchans, and star sand dunes. Sixty-seven
samples were collected from these different sand dune types.
Generally, sands from dunes in all locations were character-
ized by fine to coarse mean grain size, were moderately sorted,
and had near symmetrical skewness with mesokurtic distribu-
tion. Skewness and mesokurtic distribution characterize sand
dunes in most locations except the Red Sea, Qassim, central
Arabia, and the Eastern Province where sand dunes all show
of subangular grains. The sand dunes are composed of quartz,
feldspar, calcite, and mica. Quartz dominates the mineralogy
of all sand dunes, although significant amounts of feldspars
and mica are found in Najran, the Red Sea, and Central Ara-
bia. While calcite is present in sand dunes at Sakaka and NW
Rub’ Al-Khali. Basement-related sand dunes at Najran (N1),
central Arabia (C5), and the Red Sea are mineralogically
submature. However, nonbasement sand dunes at other loca-
tions are mature. Both petrographic and geochemical analyses
of sand dunes indicated that most sand dunes are classified as
quartz arenite, except in the basement-related sand dunes at
Najran (N1), central Arabia (C5), and the Red Sea, where they
range from subarkose to litharenite. Moreover, major, trace,
and rare earth elements indicated an active continental margin
tectonic setting for sand dunes from the Red Sea, basement-
related Najran (N1), and central Arabia (C5) sand dunes, and
passive continental margins for the other locations.
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Introduction

More than 50 % of the land surface in Saudi Arabia is occu-
pied by sand dunes, distinct geomorphological features in the
country. There are four major deserts in Saudi Arabia: An
Nafud, the Dahna, the Rub’ Al-Khali, and Jafurah in the east-
ern part. The sand dunes in Saudi Arabia occur in arid desert
regions as well as the Arabian Gulf and Red Sea coastal
plains.

Inland and coastal sand dunes in desert environments are
texturally and compositionally controlled by chemical and
physical processes such as wind action, fluvial and marine
processes, weathering, precipitation, and air temperature
(Muhs 2004). Grain size variations in desert and coastal sand
dunes have been commonly used to understand transport and
depositional mechanisms (Wang et al. 2003). Poorly to mod-
erately sorted sand dunes occur within a short transport dis-
tance and close proximity to the source area of sediments
(Blount and Lancaster 1990). However, a longer eolian trans-
port path creates better sorted and fine-grained sand dunes
(Kasper-Zubillaga and Carranza-Edwards 2005). In addition,
mineralogical and geochemical studies of sand dunes offer
new insights into the origin and evolution of eolian sand dunes
(Mubhs 2004). Quartz-rich sand dunes are mineralogically ma-
ture and may inherit their composition from sandstone rich in
quartz, as well as weathered plutonic and metamorphic rocks.
Maturity of dune sands might also be related to the depletion
of unstable minerals such as feldspars through chemical
weathering, ballistic impacts in high energy eolian environ-
ments, and fluvial size reduction of feldspars (Muhs 2004).
However, while dune sands rich in feldspars may be derived
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Fig.1 Geological map of Arabian Peninsula shows the area of the study and locations of sand samples (modified after Le Nindre et al. 2003 and Issautier

etal. 2012)

from feldspar-rich source rock (arkosic sources), they may
also be the result of minimal chemical weathering and the
short transport distance of eolian sediments (Muhs 2004).
Early studies of sand dunes in the Arabian deserts were
performed by Phillips (1982). Sagga (1998) studied the round-
ness of sand grains in longitudinal sand dunes in the western
region of Saudi Arabia, and Jafurah sand dunes in the eastern
region of Saudi Arabia have been studied by Fryberger et al.
(1984). Anton (1983) studied the evolution of modern eolian
deposits in the Eastern Province, including Jafurah, Dahna,
and Rub’ Al-Khali. Grain size distributions of dune sands
from An Nafud Rahmat and Wadi Khulays have been studied
by Binda (1983), and grain size distributions of Barchans dune
sands from Al-Ubaylah in the northwest part of Rub’ Al-Khali
have been studied by Abolkhair (1986). Watson (1986) ana-
lyzed variations in grain sizes from longitudinal dune sands
taken from the center of the Namib Desert and Barchans dune
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sands from the Jafurah Desert in Saudi Arabia. Sagga (1998)
studied the geomorphology and sedimentology of Barchans
dunes from Wadi Khulays in the western region of Saudi
Arabia. Al-Masrahy and Mountney (2013) studied the mor-
phology of sand dunes in Rub’ Al-Khali using remote sensing
techniques, and, recently, Moufti (2013) studied the homoge-
neity of the mineral composition and variations in grain size in
dunes in the Western part of Rub’ Al-Khali.

Regionally, sand dune seas have been studied in Oman,
UAE, and Yemen. Pease et al. (1999) studied the mineralog-
ical characterizations and transport pathways in the Wahiba
sand seas of Oman using remote sensing, while the history of
the coastal Wahiba sand dunes has been studied by Preusser
et al. (2005). Al-Sayed (1999) studied the sedimentology and
morphology of sand dunes in the eastern part of UAE. Varia-
tions in texture among four types of sand dunes within Kuwait
have been studied by Al-Dousari et al. (2008), while the
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Fig. 2 Satellite image shows the paleo direction of eolian sand movement during Quaternary time modified after Edgell (2006)
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provenance and recycling of dune sands across Saudi Arabia,
Oman, UAE, and Yemen have been investigated by Garzanti
et al. (2003, 2013).

This study aims to determine the sedimentological, miner-
alogical, geomorphological, and geochemical differences
among sand dunes in different locations within Saudi Arabia
and to establish the provenance and tectonic setting of these
sand dunes.

Materials and methods
Study area

The study areas include sand dunes in 10 locations
within Saudi Arabia. These locations include NW part
of Rub’ Al-Khali, Najran (western part of Rub’ Alkhali
desert), central Arabia, Qassim, Hail, Tayma, Tabuk,
Sakaka, the Eastern Province (Al-Lidam and the Arabi-
an Gulf coastal dunes), and the Red Sea (Fig. 1). Sand
dunes at Najran area are bordered in the west by Paleo-
zoic age sedimentary rocks (Wajid Sandstone). These
sand dunes are cut across by a small ridge of the

Mlometsrs

Jurassic age Tawiaq Mountain (limestone) trending N—
S. The Rub’ Al-Khali sand dunes south of Al-Ahsa city
are bordered by Quaternary age deposits from all direc-
tions. Sand dunes in the Red Sea coastal plain, from
Jizan city in the southern part of Saudi Arabia north-
ward to Jeddah city, are bordered by Precambrian base-
ment rock mountains from the east and the Red Sea
from the west. In central Arabia, west of Riyadh city,
sand dunes are located between the Jurassic Tawiaq
Mountain and Late Permian to Triassic age sedimentary
rock outcrops and within the Late Permian to Triassic
sedimentary rock outcrops. Sand dunes in the Qassim
area are surrounded by Paleozoic age sedimentary rock
outcrops and Late Permian to Triassic sedimentary age
outcrops. In the Dahna desert east of Riyadh city, sand
dunes are bordered from the NE and SW by Tertiary
age sedimentary outcrops and extend NW and SE. Sand
dunes in An Nafud Desert in the northern part of Saudi
Arabia in Hail area are bordered on the NE by Jurassic/
Cretaceous age and Precambrian age outcrops and by
Paleozoic age outcrops from the South and SW. In the
Tayma area, sand dunes of An Nafud desert are
surrounded by Paleozoic age outcrops from all sides
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Fig. 3 Landsat image of Saudi sand dunes. a Linear sand ridges with E—
W direction (An Nafud desert, Hail area). b Linear sand ridges with NW—
SE direction (Dahna desert, central Arabia). ¢ Linear sand ridges with
NE-SW direction [Rub’ Al-Khali desert (Najran area)]. d Linear sand

except the NE. In the Sakaka area, sand dunes are lo-
cated within Tertiary outcrops. Finally, in the Tabuk
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ridges and transverse dune type with NE-SW direction (Al-Lidam area,
Eastern Province). e Parabolic sand dunes (An Nafud desert (Hail area). f
Dome sand dunes. Central Arabia desert (Al-Muzahamiah town). g Star
sand dunes in Dahna desert. h Barchan sand dunes in Jafurah desert

region, sand dunes are located within Paleozoic sedi-
mentary outcrops (Fig. ).
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Fig. 4 QFR triangular
classification plot (Folk 1974) of
dune sands from ten locations in
Saudi Arabia
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Samples and analytical methods

The methods of study of sand dunes included both field work
and laboratory sedimentological analyses. Sixty-seven sedi-
ment samples representing eolian sand dunes from 10 loca-
tions were collected. All samples were dry-sieved (Ingram
1971) to perform a granulometric analysis of grain textures.
All samples were subjected to a grain roundness study using a
binocular microscope. Sixteen samples were selected for bulk
mineralogy analysis using powder X-ray diffractometer
(XRD) analysis and petrographic examination. Before XRD
analysis, samples were crushed to produce a powder, and then,
the powder was loaded into an aluminum cavity holder and
then mounted. Ni-filtered Cu radiation was used at a setting of
40 kV, and a scan was performed for 2-theta values from 2 up
to 60°. The absolute peak area under the characteristic lattice
spacing of the identified minerals was used as a measure of the
relative abundance of minerals in bulk samples.

Sixteen samples were selected for surface texture analysis
via a scanning electron microscope (SEM); an EDS unit was
attached for elemental analysis. These samples were gold-

50/50

coated and then mounted into a sample holder before being
loaded into the SEM machine. The SEM was used to study the
morphology of grain surfaces and to identify materials ad-
hered to the surface of sand grains or within pits. Additionally,
16 samples were also selected for quantitative geochemical
analysis to obtain major oxides, trace elements, and rare earth
elements using ICP-MS technique.

Landsat satellite images with 30-m resolution were used to
study the morphology of sand dunes. The images were en-
hanced using ENVI software making them useful to study of
the morphology of the sand dune.

Results

Geomorphology

Sand dunes in Saudi Arabia occur as sand ridges extending
from the Rub’ Al-Khali Desert in the south and southeast

to the An Nafud Desert in the north. These sand ridges
form sand seas that reflect the direction of eolian sand
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movement during the Quaternary period (Shamall wind)
(Edgell 2006) (Fig. 2). The sand ridges are controlled by
rock escarpments and the direction of the paleowind. The
geomorphology of sand ridges were studied using Landsat
satellite images with 30-m resolution. In the An Nafud
Desert (Hail, Tayma, Tabuk, and Sakaka locations), the
sand dune ridges are linear with an E-W orientation north-
east of the Hail area (Fig. 3a). These sand ridges extend
southwards and connect to the Dahna Desert, where sand
ridges change their orientation to NW-SE (Fig. 3b) and
then N-S in the southern part of the Dahna Desert. In the
Dahna Desert, the sand ridges extend southwards adjacent
to the sedimentary rock escarpments, until the Najran area
where it is connected by western part of Rub’ Al-Khali
desert and their orientation becomes NE-SW (Fig. 3c). In
the Eastern Provinces, the sand ridges have an NE-SW
orientation (Fig. 3d).

Climate and sedimentological factors controlled the accu-
mulation of sands into sand dunes of particular shapes
(Kenneth and Haim 2009). For example, parabolic sand dunes
formed based on the accumulation of sand related to vegeta-
tion. This type of sand dune occurs in the An Nafud Desert at
the Hail, Sakaka, and Tayama locations (Fig. 3¢). However,
other types of sand dunes, such as barchans, transverse, star,
vegetated linear dunes, and dome dunes, were formed by the
accumulation of sand based on bed roughness changes or
aerodynamic fluctuation. These types of sand dunes also occur
in Saudi Arabia. Unvegetated linear sand dunes occur in the
Dahna Desert in central Arabia and the Rub’ Al-Khali Desert.
Dome dunes are recorded in central Arabia and occur between
basement rocks and sedimentary rock outcrops such as those
near Al-Muzahamiah town (Fig. 3f). Star dunes are the most
dominant dune type in the Rub’ Al-Khali and Dahna Deserts
in central Arabia (Fig. 3g). These types of sand dunes occur
within the sand ridges in these deserts, indicating that more
than one direction of wind contributed to formation of the
dunes. Barchan dunes characterize the sand dunes in the
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NW part of Rub’ Al-Khali desert (Fig. 3h). Transverse sand
dunes have been observed in many places, especially at the
Al-Lidam area in the Eastern Province (Fig. 3d).

Sedimentology
Grain composition and classification

A petrographic analysis of the sand dunes was conducted
for representative sand dunes from the different loca-
tions. Petrographic ternary QFL classification (Folk
1974) shows that the sand dunes from nonbasement-
related areas are classified as quartz arenites, whereas
the basement-related dunes from Najran (N1), central
Arabia (C5), and the Red Sea are classified as subarkose
to litharenite (Fig. 4).

Grain size distribution

The mean grain size distributions of all studied dunes are
presented in histograms (Fig. 5). Sand dunes from the Red
Sea, Sakaka, and the Eastern Province showed a unimodal
distribution with a mean grain size in the fine modal class.
However, the sand dunes from the Hail and Tayma areas ex-
hibited unimodal distribution with mean grain size in the
coarse modal class. Unimodal distribution with mean grain
size from the medium modal class characterized dune sands
from the Rub’ Al-Khali, Tabuk, and central Arabia locations.
Sand dunes from the Najran and Qassim locations showed no
modal distribution.

Grain size parameters

The average values for all grain size parameters (mean,
sorting, skewness, and kurtosis) of eolian sand dunes in Saudi
Arabia are shown in Table 1. The average mean grain size
covers three groups: fine, medium, and coarse. Sand dunes
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Fig. 5 Distribution histograms of mean grain size of dunes sands from ten locations in Saudi Arabia

@ Springer



Arab J Geosci (2015) 8:11073-11092 11079

Table 1 Statistical size

parameters of dune sands from ten Location Number of samples Statistical size parameters (Phi)

locations in Saudi Arabia

Mean Sorting Skewness Kurtosis

Central Arabia 5 1.710 0.880 —0.002 1.080
Eastern Province 1.999 0.740 —0.002 0.960
Rub’ Al-Khali 12 1.460 0.863 0.131 0.936
Hail 7 0.861 0.767 0.098 0.960
Najran 3 2.433 0.740 0.074 4.063
Qassim 1.475 0.810 —0.003 1.115
Red Sea 2513 1.008 0.112 0.997
Sakaka 12 2.290 0.802 0.001 1.014
Tabuk 1.735 0.738 0.015 1.004
Tayma 7 0.746 0.846 0.140 0.972

from the Hail and Tayma areas (An Nafud Desert) showed
coarse mean grain size. On the other hand, the sand dunes
from central Arabia, Rub’ Al-Khali, Qassim, Tabuk, and the
Eastern Province are characterized by a medium mean grain
size. The sand dunes from Najran, the Red Sea, and Sakaka
showed fine mean grain size. All the sands from studied loca-
tions are moderate to moderately well sorted, except sands
from the Red Sea are poorly sorted. Sand dunes in all locations
showed near symmetrical skewness, except those from the
Red Sea, Rub’ Al-Khali, and Tayma locations, which
displayed a fine skewness. Moreover, all sand dunes were
identified as mesokurtic, except those sand dunes at Najran
and Qassim, which were leptokurtic.

Roundness

Two sand dune groups were identified based on grain round-
ness. The first group includes the sand dunes from the Red
Sea, Qassim, central Arabia, and the Eastern Province. These
dunes are characterized by subangular sand grains (Table 2).
Moreover, the Red Sea sand dunes grains are more angular
than those from other locations. The second group included
sand dunes from the Rub’ Al-Khali, Tayama, Sakaka, Najran,
Hail, and Tabuk locations, which are characterized by
subrounded sand grains (Table 2). Rub’ Al-Khali and Najran
sand dunes showed more rounded sand grains than those from
the Tayma, Sakaka, Hail, and Tabuk locations.

Mineralogy

Bulk mineralogy for the 16 representative sand dunes was
obtained using a powder XRD. The mineralogical composi-
tion of the sands consists mainly of quartz, feldspars, and
calcite. The most dominant mineral in all studied locations is
quartz (Fig. 6a). In some areas, feldspars and calcite occur as
significant minerals. Dune sands from Hail, Tabuk, Tayma,
Sakaka, and Rub’ Al-Khali and nonbasement-related dune

sands in Najran (N2) location (western part of Rub’ Al-
Khali desert) are entirely composed of quartz (Fig. 6a). Traces
of calcite are found in samples from Sakaka and Rub’ Al-
Khali (Fig. 6b).

Quartz dominates in sand dunes from coastal Arabia, with a
significant amount (<10 %) of calcite and low concentration
of feldspars (albite) (Fig. 6b). The Qassim and nonbasement-
related sand dunes in central Arabia showed feldspars (<10 %)
as the subordinate minerals (Fig. 6¢, d). Dune sands from the
Red Sea, Najran (N1), and central Arabia (C5) (basement-
related) were composed of quartz and a significant amount
of feldspars (>10 %) (Fig. 6¢). Using Folk’s classification
(QFL ternary plot) (Folk 1974), sand from nonbasement-
related dunes were classified as quartz arenite, while
basement-related dune sands from Najran (N1), central Arabia
(C5), and the Red Sea were classified as subarkose to
Litharenite (Fig. 4).

Grain surface microtexture

The SEM-EDS analyses of the surface morphology of sand
grains from different dunes showed both mechanical and

Table 2  Relative frequency percentage of grains roundness

Location Rounded  Subrounded  Subangular  Angular
Red Sea 3.7 7.4 74.1 14.8
Rub’ Al-Khali 25.0 50.0 18.8 6.3
Najran 25.0 60.0 10.0 5.0
Qassim 6.7 16.7 66.7 10.0
Central Arabia 4.0 20.0 48.0 28.0
Hail 42 66.7 25.0 42
Tayma 5.0 64.0 25.0 42
Sakaka 10.0 60.0 25.0 5.0
Tabuk 6.3 62.5 25.0 6.3
Eastern Province 5.6 27.8 55.6 11.1
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Fig. 6 XRD charts show the
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chemical microtexture features (Table 3). Features due to me-
chanical weathering include upturned plates, mechanical im-
pact pits, conchoidal fractures, irregular, and randomly orient-
ed V-shaped patterns and meandering ridges. Most of the sand
grains from all locations showed various types of chemical
features, such as solution bits, and hacksaw, regular, and ori-
ented V-shaped patterns.

Mechanical features noted on sand grains included abundant
pits on the surface of quartz grains in dune sands from the Sakaka
area (Fig. 7a). Upturned plates were also recorded on sand grains
from the Najran, central Arabia, Qassim, and Sakaka locations
(Fig. 7b). The surface of sand grains from Najran and Tayma
showed conchoidal fractures (Fig. 7b, c). Meandering ridges
were observed on grain surfaces of dune sands from the Red
Sea (Fig. 7d). Randomly oriented V-shaped patterns with irreg-
ular outlines as the result of mechanical processes were observed
on grains from Hail and Tayma dunes (Fig. 7e).

An SEM examination of the sand grains revealed some
chemical features on grain surfaces. These features included
solution pits, hacksaw termination, and regular and oriented
patterns of V-shaped. Solution pits are dominant on the sur-
faces of the sand grains from Sakaka, Tayma, and Tabuk
(Fig. 7f). V-shaped patterns with regular outlines and oriented
patterns as a result of chemical processes are noted on the
surfaces of sand grains from the Arabian Gulf coastal plain
sand dunes (Fig. 7g). Hacksaw terminations were observed on
the surface of sand grains from central Arabia (Fig. 7h).

Adhering materials located within pits and other impact
regions on the surface of sand grains are produced by

mechanical and chemical processes. These materials vary in
composition; their mineralogical composition includes quartz,
wollastonite, garnet, aluminum silicate minerals (kyanite, an-
dalusite, and sillimanite), olivine (fayalite), and microcline.

Adhering quartz grains are observed in all samples from
different areas (Fig. 8a). In addition, adhering microcline
grains occurred on the surface of sand grains from the Hail
area in the northern part of Saudi Arabia (Fig. 8b). Adhering
garnet grains are observed on the surfaces of sand grains from
the Najran and Sakaka locations, along with almandine in
Najran sand grains (Fig. 8c) and pyrope type of garnet occurs
as adhering material in Sakaka sand grains (Fig. 8d). Dune
sands from the Eastern Province, Rub’ Al-Khali, the Red Sea,
and Tayma locations are characterized by the presence of
wollastonite-adhering minerals (Fig. 8e¢). Aluminum silicate
minerals (kyanize, andalusite, and sillimanite) were also ob-
served adhering to grains in dune sands from the Eastern
Province, Hail, Qassim, Tabuk, and the Red Sea locations
(Fig. 8f). An olivine mineral (fayalite?) exists solely as adher-
ing grains in sands grain from sand dunes located NE of Ri-
yadh in the Dahna Desert on a site near the Riyadh Dammam
Road (Fig. 8g).

Geochemical analysis

Geochemical analyses were conducted to determine the con-
centrations of the major, trace, and rare earth elements in 16
samples representing the sand dunes from different areas of
Saudi Arabia (Table 4).

Table 3  Table shows surface features of sand grains from ten locations of sand dunes in Saudi Arabia (P=present)

Features Locations

Red sea Central Arabia Najran Hail

Tayma Tabuk Sakaka Qassim Eastern Provinces

Rub’ Al-Khali

Mechanical origin

Pits

Conchoidal fractures p

Straight steps p
Arcuate steps

Upturned plates p p

Imbricated grinding features P

Meandering ridges p

Straight scratches

Curved scratches

Subangular outline p P

Rounded outline p P

V-shaped patterns
Mechanical/chemical origin

Adhering particles p p p p
Chemical origin

Solution pits p
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Fig. 7 SEM microphotograph of
sand dune grains showing a large
pits on the surface of Quartz grain
(Sakaka area), b upturned plate
(black arrow) and conchoidal
fractures (dark arrow) (Najran
area), ¢ conchoidal fractures
(black arrow) and solution pit
(white arrow) (Tayma area), d
Meandering Ridges (arrows),
Red Sea area, e V-shaped pattern
with irregular shape and different
orientation on sand grains (Hail
area), f solution pits in surface of
quartz grain (Sakaka area),

g V-shaped pattern with regular
outlines and oriented patterns,
Arabian Gulf coastal dunes and
h hacksaw termination of sand
grains, central Saudi Arabia

Distribution of elements

Sixteen samples from different sand dunes from 10 locations
were analyzed to determine the concentration of major oxides,
as well as trace and rare elements (Table 4). Comparison of the
distribution of major oxides allowed as to identify two groups

@ Springer

of sand dunes (Fig. 9). The first group includes sand dunes
from the northern part of Rub’ Al-Khali, Qassim, Hail, the
Eastern Province, Sakaka, Tabuk, Tayma, and central Arabia.
Sand dunes at the aforementioned locations are characterized
by a high percentage of SiO, and a very low percentage of
feldspars (Fig. 9). The second group includes sand dunes from
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f Fm V Beciron Image 1
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r m 1 8ectron inage 1

Fig. 8 SEM-EDS analysis of sand dune grains showing adhering
material on the surface of sand grains: a adhering quartz grain, b

0 2 4 6 8 10
ull Scale 151 cts Cursor: 2449 keV (7 cis) kev

Full Scale 100 cts Cursor: 2.347 keV (6 cts) keV|

80um reclron image 1

Ful Scale 100 cts Cursor: 4.793 keV (2cts)

[l R Bl S s S L D i ) S o
0 1 2 3 4 5 6 7 8 9 10 1 12
Full Scale 79 cts Curscr: 2.245 keV (24 cts) ke'|

adhering garnet (pyrope) grain, e adhering wollastonite grain, f adhering
aluminum silicate minerals grain, and g adhering olivine mineral

adhering microcline grain, ¢ adhering garnet (almandine) grain, d (fayalite) grain

the Red Sea, Najran (N1), and central Arabia (C5), and all are

characterized by a high percentage of quartz with a significant

basement-related sand dunes. These sand dunes are  amount of feldspars (Fig. 9).
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Spectrum 1
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Fig. 8 (continued)

The distribution of major elements (Fig. 10) shows that
sand dunes from Sakaka and central Arabia (C5) (basement-
related sand dunes, Al-Dawadmi) are similar in their carbon
and sulfur contents, which are 97 % carbon and 3 % sulfur,
respectively. The sand dunes from Hail, central Arabia (C2),
Najran (N1), Najran (N2) (basement-and nonbasement-related
sand dunes), the Eastern Province, Tabuk, Rub’ Al-khali, the
Red Sea, and Qassim are characterized by carbon concentra-
tion of 90 % in average and sulfur of about 10 % (Fig. 10).
Furthermore, the sand dunes from the Tayma location contain
the lowest amount of carbon of 84 % and the highest concen-
tration of sulfur, 16 %, of these locations (Fig. 10).

The distribution of trace earth elements in sand dunes
showed that the most dominant trace earth elements are Ba,
Cr, Rb, Sr, V, Zr, Ni, and Zn. Trace element concentrations in
sand dunes from the Red Sea, Najran (N1), and central Arabia

@ Springer

(C5) are similar. The concentrations of the trace elements in
these dunes is high (Fig. 11), except Zr, which is less dominant
in the Red Sea sand dunes than the other areas. In contrast,
Hail and Qassim sand dunes show the highest concentration of
Zr (Fig. 11). The sand dunes from Tayma, Rub’ Al-Khali,
Hail, Sakaka, Tabuk, central Arabia (C2) (nonbasement-relat-
ed sand dunes), Najran (N2) (nonbasement-related sand
dunes), Qassim, and the Eastern Province are characterized
by less concentration of trace elements relative to the other
locations (Fig. 11).

The distribution of rare earth elements was similar among
sand dunes from the Red Sea, Najran (N1), and central Arabia
(C5) (all basement-related sand dunes), with relatively high
concentrations, in parts per million values (Fig. 12). However,
the remaining locations have lower concentrations of rare
earth elements than the previous group (Fig. 12). Sand dunes
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Fig. 9 Distribution of major oxides of dune sands from ten locations in Saudi Arabia
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Fig. 10 Distribution of trace elements of dune sands from ten locations in Saudi Arabia
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Fig. 11 Distribution of trace elements of dune sands from ten locations in Saudi Arabia

from the Qassim area contained some rare earth elements of
the first group, such as Ce, La, Nd, Pr, and Sm. However, this
location also contained rare earth elements of the second
group (Fig. 12).

Geochemical classification

Based on the geochemical classification diagram of sand de-
veloped by Herron (1988), most of the dune sands from the
studied locations were identified as quartz arenite (Fig. 13a).
The only few exceptions are the sand dunes from Najran (N1),
the Red Sea, and central Arabia (C5) (basement-related sand
dunes), which are classified as subarkose, litharenite, and

greywacke (Fig. 13a). An A-B diagram was plotted for sand
dunes from all studied locations, where A=SiO, and B=
K,0+Na,0O+AlLO3 (Muhs 2004, to determine their mineral-
ogical maturity. Sand dunes from most of studied locations
have high mineralogical maturity. Those from Najran (N1),
the Red Sea, and central Arabia (C5) (basement-related sand
dunes) are the few that exhibit low mineralogical maturity
(Fig. 13b). The sand dunes from the Tayma area exhibit the
highest mineralogical maturity (Fig. 13b).

In the chondrite-normalized rare earth element (REE) dia-
gram (Fig. 13c), the 10 studied locations of sand dunes show
light REE (LREE) enrichment and heavy REE (HREE) deple-
tion patterns.
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Fig. 12 Distribution of rare earth elements of dune sands from ten locations in Saudi Arabia
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Fig. 13 a Geochemical classification of sandstone for dune sands from
ten locations in Saudi Arabia using log Fe,O3/K O vs. log SiO/Al,O03
(after Herron 1988). b Discrimination diagram shows the mineralogy
maturity of the studied dune sands (after Muhs 2604). ¢ REE chondrite
normalized diagram for the studied dune sands. d Major elements
discrimination diagram for sedimentary provenance of the studied dune
sands. e Major elements discrimination diagram of the studied dune sands
shows the tectonic setting, (C) active continental margin and (D) Passive

Provenance

Provenance of dune sands can be determined using the dis-
criminant function diagram for provenance signatures of sand-
stone—mudstone suites using major element ratios (Roser and
Korsch 1988). The two discriminant functions (Fs) are as fol-
lows: F;=30.638 TiO/A120;—12.541 Fe,0; (total)/Al,O;+
7.329 Mg/Al,03+12.031 Na,O/Al,05+35.402 K,0/Al,05—
6.382 and F,=56.500 TiO,/A1,05—10.879 Fe,O5 (total)/
Al,03+30.875 Mg/Al,03—5.404 Na,O/Al,05+11.112
K,0/A1,05—3.89). Based on the two discriminant functions,
dune sands from all studied locations fell within the quartzose
sedimentary dune provenance, except sand from the Tayma
location, which occurred within the intermediate igneous
provenance (Fig. 13d).

continental margins (after Bhatia 1983). f Major elements discrimination
diagram of the studied dune sands shows the tectonic setting (after Bhatia
1983). g La—Th—Sc tectonic discrimination ternary: A oceanic island Arc,
B continental island arc, C active continental margin, and D passive
margin (after Bhatia and Crook 1986). h La/Yb vs. La/Th plot of the
studied dune sands shows upper continental crust for the most locations
and bulk continental for Sakaka and Tayma areas (UC upper continental
crust, 7C bulk continental crust, and OC average oceanic crust)

Tectonic setting

Major element geochemistry of the dune sands were plotted in
discrimination diagrams to characterize dune tectonic settings,
as proposed by Bhatia (1983). The first discrimination dia-
gram was created by plotting MgO+Fe,03 vs. Al,O3/Si0,
(Fig. 13e), and the second one was developed by plotting
K,0/Na,0 vs. SiO,/Al,O5 (Fig. 13f). These diagrams showed
that most of sand dunes indicated passive continental margin
tectonic setting. The basement-related sand dunes in the Red
Sea, central Arabia (C5), and Najran (N1) locations, however,
revealed active continental margins (Fig. 13e, f).

Trace elements geochemistry discrimination diagrams
were also used to characterize sand dune tectonic settings
(Bhatia and Crook 1986). The ternary plot of La—Th—Sc
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Fig. 13 (continued)

showed active continental margins (C) for Rub’ Al-Khali and
Tabuk sand dunes, continental island arcs (B) for
nonbasement-related dunes in central Arabia (C2) and
basement-related sand dunes in the Najran (N1) location,
and passive continental margins for the remaining locations
(Fig. 132).

Furthermore, a discrimination diagram of the ratio of trace
elements La/Yb and La/Th revealed that most of the sand
dunes fit within an upper continental crust affinity except sand
dunes from Sakaka and Tayma, which occurred within the
bulk continental crust affinity (Fig. 13h).

Discussion and interpretations

Different orientations of sand dune ridges in the Rub’ Al-
Khali Desert in the south and the An Nafud Desert in the north
reflect variations in paleowind directions during the Quater-
nary period. Moreover, the presence of star dunes within the
Rub’ Al-Khali and Dahna Deserts reveals the existence of
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another paleowind direction, which influenced the formation
of these dunes.

Coarse mean grain sizes in the Hail and Tayma locations
may be the result of rock fragments from the basement and the
Paleozoic sedimentary rocks surrounding the sand dunes. The
fine mean grain sizes in sand dunes from the Sakaka area
reflect long distance from the sediment source (basement
and Paleozoic sedimentary rocks outcrop). Fine mean grain
sizes in sand dunes from the Red Sea reflect the effect of
alluvial fans on sediment supply. The fine-grained sands of
dunes in the eastern part of UAE (Al-Sayed 1999) are similar
to sand dunes in the Rub’ Al-Khali and Sakaka area deserts of
Saudi Arabia. The average sorting value in this study is 0.79
Phi, which is similar to the average sorting value identified in
the An Nafud Desert in Saudi Arabia (0.87) (Binda 1983).
These values are different from the average value for sand
dunes in UAE (0.43 Phi) and Oman (0.22 Phi) (Al-Sayed
1999). Thus, the sand dunes in Oman and UAE showed
sorting better than those in Saudi Arabia, which reflects long
distances from sediment source areas. Sand dunes from the
Red Sea are poorly sorted, which reflects the short distance of
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sand transport. The average mean grain size and sorting for
sand dunes in Saudi Arabia are 1.72 and 0.81 Phi, respective-
ly. These values are similar to the average mean grain size and
sorting identified in the Kumtagh Desert dunes in NW China,
which are 1.57 and 0.71 Phi, respectively (Liu et al. 2014).
However, the average grain size and sorting value in the
Altar Desert in NW Mexico are 2.07 and 1.0 Phi, re-
spectively (Kasper-Zubillaga et al. 2007). These sands
are finer and less sorted than dune sands in Saudi Ara-
bia. Moreover, the average mean grain size found in
Namibian and southern Angolan dunes is almost similar
to the medium mean grain size of Arabian desert sand
dunes (Garzanti et al. 2015).

Dune sand grains from the Red Sea, Qassim, central Ara-
bia, and the Eastern Province are characterized by subangular
edges, which indicates that these dunes sands were deposited
near to their source region. Other locations are characterized
by subrounded sand grains, which reflect long transport path-
ways. Red Sea dune sand grains showed more angularity than
the other dune sands, which indicates a shorter sediment trans-
port distance and the close proximity of the depositional site to
its sediment source. However, Rub’ Al-Khali, as well as
Najran dune sand grains, were more rounded than grains from
other locations, which reflects the longest transport
pathway and illustrates the effect of wind in transporta-
tion. In comparison with the other sand dunes on the
Arabian Peninsula, the sand dunes in UAE have the
most rounded grains, which reflect an extensive trans-
portation by wind (Al-Sayed 1999).

SEM microphotographs of sand grains from the different
areas in Saudi Arabia showed the presence of mechanical and
chemical features on grain surfaces. Mechanical V-shaped pits
reflect the impact of subaqueous environments (fluvial, litto-
ral, and shelf environments) (Margolis and Krinsley 1974). V-
shaped pits caused by mechanical processes usually occur in
moderate- to high-energy conditions. Meandering ridge fea-
tures characterize dune sands in the Red Sea area. These
meandering ridges were likely formed during grain to grain
collision in an eolian environment; thus, they indicate trans-
portation by a high velocity wind (Kasper-Zubillaga and
Faustinos-Morales 2007). Upturned plates characterize dune
sand grains from the Najran, central Arabia, Qassim, and
Sakaka locations. Upturned plates are often developed in eo-
lian environments (Mazullo and Ehrlich 1983). Therefore,
these sand dunes developed in an eolian environment with
high-velocity winds (Mazullo et al. 1986). Solution pits in
dune sands from the Sakaka, Tayma, and Tabuk locations
reflected chemical processes in tropical areas, like the intertid-
al zone of a beach (Kasper-Zubillaga and Faustinos-Morales
2007) (Higgs 1979).

The immature state of the basement-related sand dunes in
Najran (N1), central Arabia (C5), and the Red Sea reflects the
immaturity of the sediment source and the short

transportation. On the other hand, the mature state of sand
dunes not related to basement rocks may be due to a high
recycling rate of sediments and/or a sediment source being
far from the depositional basin. Mineralogical and geochem-
ical similarities between the basement-related sand dunes in
Najran (N1), the Red Sea, and central Arabia (C5) likely re-
flect similarity of the source rocks and the weathering history.
In contrast, the sediments recycling, and the media and path-
way of transportation may also affect the mineralogical and
chemical properties of such sand dunes.

The mineral composition of dune sands from the northwest
Rub’ Al-Khali is similar to the mineral composition of dune
sands in the western part of Rub’ Al-Khali (Moufti 2013).
Thus, the northwest and the west Rub’ Al-Khali dune sands
likely reflect similar source rocks.

Conclusions

1. Morphologically, sand dunes in Saudi Arabia vary from
linear, parallel to subparallel, parabolic, barchans, and star
sand dunes.

2. The variability in sand dune types reflects the varied
paleowind direction during the evolution of sand dunes
and associated climatic changes.

3. The interested sand dunes show variation in texture and
mineralogical composition. This variation is attributed to
different sediment sources, geology, varied transportation
modes and distances, weathering, depositional processes,
and climatic changes.

4. Nonbasement-related sand dunes are texturally moderate-
ly mature and quartz arenitic in composition. However,
basement-related sand dunes are submature and
subarkosic to litharenitic in composition.

5. Major, trace, and rare earth elements geochemistry indi-
cated that the most of the eolian sand dunes are quartz
arenite, except the sand dunes from the Red Sea, central
Arabia (CS5), and Najran (N1) (all basement-related),
which are subarkose to litharenite.

6. Discriminant analyses and bivariate plots of the elemental
geochemistry indicated that Red Sea, Najran, and central
Arabian sand dunes are underlain by active continental
margins, and sand dunes from other areas are underlain
by passive continental margins.

7. The finding of this study shows that major, trace, and rare
earth element distribution can be used to differentiate be-
tween basement-related and nonbasement-related derived
sand dunes.

8. The study of recent sand dunes can help to understand and
predict detrital sources and their textural and composition-
al characteristics, along with those sources’ impacts on
any sand dunes’ economic potential (i.e., reservoirs, aqui-
fers, and mineral deposits).

@ Springer
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