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Texture, mineralogy, and major and trace element geochemistry of 26 coastal dune sand samples
were studied to determine the provenance and tectonic environment of two dune fields close to the
beaches of Safaga (SF) and Quseir (QS) at the Egyptian Red Sea coast. Onshore winds generate fine,
moderate, moderately-well to well-sorted, coarse-skewed to near-symmetrical dune sands with mesokurtic
distributions. Winds pick up and transport grains from nearby beach sands and alluvial deposits into a
wide Red Sea coastal plain at the border of the beach. The mineralogical (Qt-Ft-Lt) and geochemical
composition of the sands, indicate that SF and QS coastal dune sands are mature and influenced by
quartz-rich sands. The average CIA values in SF and QS coastal dune sands are low relative to the
range of the PAAS, suggesting an arid climate and a low intensity of chemical weathering. The SF and
QS coastal dune sand samples are plotted in the recycled orogen and partly in craton interior fields
suggesting recycled older sedimentary and partly metamorphic-plutonic sources. The high content of
quartz with shell debris and carbonates in coastal dune sands support the recycled sedimentary beach
and alluvial sand sources. The dominance of heavy minerals like amphiboles (hornblende) and biotite in
the coastal dune sands also supports the effect of metamorphic-plutonic source rocks. The new tectonic
discriminant-function diagrams suggest that the coastal dune sands were deposited in a passive margin
of a synrift basin. The results provide a good evidence for the extension in the Red Sea rift system during
Oligocene-post Pliocene, which is consistent with the general geology of Egypt.
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1. Introduction

The dune sands are widely distributed along the
Egyptian Red Sea coast. Most of the large Red
Sea coastal dune fields are formed at the mouth
and adjacent to large wadis. These dunes occupy
a narrow belt directly related to the sand sup-
ply and favourable wind regime. Sand beaches
also contribute to the dune sediments. The coastal
dune sands in desert environments are texturally
and compositionally controlled by chemical and
physical processes such as climate (precipitation,

air temperature and wind actions), topography,
mechanical transportation, fluvial and marine pro-
cesses, and source composition (Carranza-Edwards
2001; Honda et al. 2004; Carranza-Edwards et al.
2009; Kasper-Zubillaga et al. 2013). Weathering
products of the basement and Phanerozoic rocks
are transported to the coast by torrent waters.
The Red Sea coastal dune sands are generally in
the form of parallel ridges with flat upper surfaces
and continuous crests oriented more or less trans-
verse to the dominant wind direction. This type of
transverse dunes is associated with one dominant
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effective wind (Fryberger 1979). These dunes have
been mainly formed by the accumulation of sands
behind vegetation or any other obstacles.

According to Egyptian Authority of Meteorol-
ogy (1996) climate in the study area is arid with an
average annual rainfall between 5 and 10 mm (Zaid
2002). The study area ranges in elevation between
0 m at the Red Sea coastal plain and 1040 m above
the mean sea level at the highest peak in the Gebel
Umm Ba’anib. This area has wind speed more than
21 knots. The onshore wind blowing directions are
mainly north and northwest with frequency range
7-30% measured at Quseir. Average wave height
is 2.2 m. The Red Sea coastal dunes are semimo-
bile, vegetated, transverse and linear dune types
(Mansour 1994). These dunes are stabilized, loose
and Quaternary in age. The coastal dunes are in
average 5.5 m long, 2.95 m wide and 0.8 m high.
They reach a maximum elevation of 2 m above
mean sea level at Quseir area. Despite their low
elevation, the dunes represent a significant portion
of the volume of sand comprising the coast.

Geomorphologically, the study area along the
Red Sea coast of Egypt includes three major
geomorphologic units: (1) denudation landforms
consisting of mountains, and denudation hills; (2)
deposition landforms consisting of alluvial fans and
terraces, sandsheets, sand dunes and wadi deposits;
and (3) denudation and/or depositional landforms
consisting of coastal plain, shores, beaches lagoons,
islands and coral reefs (Zaid 2002).

The study areas Safaga (SF) and Quseir (QS)
field dunes (figure 1) are located along the Red
Sea Coast. The area has been studied in terms
of grain-size and detrital modes for provenance
implications (Mansour and Sediek 1994; Mansour
et al. 1997, 2000; Dar 1998, 2002; Mansour 1999;
El-Taher and Madkour 2013; Ramadan and Zaid
2013). However, no sedimentological, modal anal-
ysis or geochemical research has been carried out
in the Red Sea coastal dunes for provenance inter-
pretation. Kasper-Zubillaga et al. (2013) studied
the geochemistry of dune sands of Mexico and
concluded that the dune sands are controlled textu-
rally, compositionally and chemically by the nearby
rivers.

The present paper aims to delineate the prove-
nance of the Quaternary coastal dune sands along
the Red Sea, Egypt, based on the sedimentol-
ogy, modal analysis and geochemistry of major
and trace elements of the sand samples collected
from two dune fields close to the beaches of Safaga
and Quseir. The study uses grain size parameters
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and petrographic and geochemical data as a
contribution to the origin of coastal dunes.

2. Study area and geologic setting

The dune field area Safaga (SF) is located in the
central Eastern Desert, Egypt (lat. 26°30'—26°50'N
and long. 33°30'-34°00'E). The Red Sea coast
bounded it from the east and Precambrian base-
ment exposure to the west (figure 1). The investi-
gated area is characterized by rugged mountainous
relief of elevations up to 360 m (Gebel Nakheil),
and steep slopes, especially along and near the
northwestern and western parts of the Safaga and
Gasus basin waterdivides (figure 1). The moun-
tainous terrain occupies almost the entire Safaga
basin, and is composed essentially of Precambrian
crystalline basement rocks, dominated by grani-
toids of different compositions and ages, and less
dominantly by metagabbros and Dokhan volcanics.
The low-lying terrain, on the other hand, is nar-
row and covered by small outcrops of subdued
sedimentary beds of Miocene and Pliocene ages,
that overlie unconformably the mountain front of
the highland, as well as surficial deposits of grav-
els, sands and clays of Quaternary age (Conoco
1987). The Red Sea basement terrains include
the upstream of the catchment areas of rain-
fall, where running water flows to the Red Sea.
Local fans are common at the foot slopes of the
mountains.

The dune field area Quseir (QS) is located in the
south-eastern desert, Egypt (lat. 25°50'-26°10'N
and long. 33°40'-34°20'E, figure 1). The mountain-
ous terrain occupies almost the entire Quseir el
Qadim and Ambagi basins, and is characterized
mainly by steep slopes of the issuing parts and
mountainous relief up to 1200 m particularly near
the western and southwestern part of the Quseir
el Qadim and Ambagi waterdivides. The low-lying
terrain forms a narrow strip (1-2 km wide) with
gentle seaward slope, bordering the eastern flank of
the highland. It is covered by small outcrops of low
lying beds of Middle Miocene and Pliocene ages,
as well as Quaternary fluviatile and coastal sedi-
ments. The mountainous terrain is a part of the
Red Sea mountain chains and is composed of crys-
talline Precambrian basement complex. The rocks
exposed include gneisses, metasediments, meta-
volcanics, serpintinites, metagabbros, and granitoid
rocks (Conoco 1987).

Geologically, the study area along the Red Sea
coast of Egypt includes three major lithologic
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groups (Conoco 1987; figure 1): (1) a late Pre-
cambrian basement complex consisting of highly
deformed volcanics and volcanogenic sediments
metamorphosed to lower greenschist facies; (2)
Cretaceous to early Eocene platform sediments
consisting of up to 600 m of well-bedded sand-
stones, shales and limestones; and (3) Miocene to
Recent Red Sea coastal plain sediments consisting
of fanglomerates, marls, evaporites and calcareous
reef deposits.

The Precambrian volcano-sedimentary units
appear to have been deposited in an oceanic island-
arc environment. Major granitic intrusions were
syn- to post-tectonic. The unconformably overlying
platform sediments are exposed as east-dipping
tilted blocks and down-faulted inliers within the
Precambrian basement (Ries et al. 1983). The
Cretaceous to early Eocene platform sediments,
deposited at the margin of the developing Red Sea
rift, thicken and dip eastward towards the rift axis.
Abrupt vertical and lateral facies variations reflect
syn-sedimentary faulting, coralline reef growth,
and local variations in sediment supply (Said 1962).
North- to northwest-trending faults were reacti-
vated in late Oligocene to early Miocene time
as west-dipping normal faults, resulting in tilting
and emplacement of the platform sediment inlier
blocks. Uplift and erosional truncation of fault
blocks in the early Miocene culminated in develop-
ment of a terminal erosion surface termed the mid-
Tertiary pediplain. A second period of rift marginal
uplift, active in post-Pliocene time has elevated
the mid-Tertiary pediplain and exposed Quater-
nary wadi and reef terraces on the coastal plain
(Purser and Philobbos 1993).

3. Sampling and methods

Twenty six sand samples (SF =13, QS=13) were
collected from the lee side (upper, middle, lower
third and end of dune ridge) of coastal dunes from
the Red Sea coastal plain. Samples were not col-
lected from the windward side of the dunes due
to high disturbance caused by vegetation. Grain-
size analysis of all samples was carried out in a
Ro-Tap sieve shaker using American Society for
Testing and Material (ASTM) sieves ranging from
—1.5 to 4.25 ¢ at 0.50 ¢ intervals for 20 min (Folk
1966). Cumulative curves were constructed to cal-
culate the statistical grain-size parameters (mean
grain size and sorting values) by applying the
equations of (Folk 1980) (table 1). Twenty six
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thin sections of bulk composition were prepared to
examine the coastal dune sands. The point-counts
were carried out using both Franzinelli and Pot-
ter (1983) and standard methods of 300 grains per
thin section for the major compositional frame-
work (quartz, feldspars and lithics, table 1). Heavy
minerals were separated using bromoform (sp. gr.
2.85), and the composition of heavy minerals was
counted under a binocular microscope for minor
components like opaques (Op) (ironoxides) and
non-opaque heavy minerals (NOp) (zircon, rutile,
tourmaline, epidote, monazite, Mica (biotite, chlo-
rite), hornblende, pyroxene, sphene, kyanite, bio-
genic shell and carbonates).

The 26 sand samples were dried at 110°C and
treated with lithium metaborate and tetraborate
to make pressed powder pellets. They were ana-
lyzed using X-ray fluorescence Pnalytical Axios
Advanced XRF equipment for major and trace ele-
ment geochemistry (Rollinson 1993). XRF analyses
were performed at the laboratory of the Central
Metallurgical Research and Development Institute,

Egypt.

4. Results

4.1 Texture and mineralogy

Grain size parameters for the two investigated
sites were calculated by applying the formula of
Folk (1980) (table 1). The mean grain size (Mz)
values show a homogenous trend in both SF (2.42-
2.65 ¢) and QS (2.04-2.59 ¢) dune fields, which
are fine sand size. Distinct differences in sorting
(o) are observed among the two investigated dune
fields. The standard deviation (sorting) values of
SE range from 0.38 to 0.41 ¢, suggesting that
SF sands are well sorted. However, the standard
deviation values of QS vary from 0.53 ¢ (mod-
erately well-sorted) to 1.0 ¢ (moderately sorted).
Skewness (Sk;) values of QS vary from 0.04 (near
symmetrical) to —0.3 ¢ (coarse skewed), while a
homogeneous trend is observed in SF sands, which
are near symmetrical (0.02-0.07 ¢). The kurtosis
(Kg) values show a homogenous trend in both
SF (0.95-1.0 ¢) and QS (0.95-1.06 ¢) dune fields,
which are mesokurtic. The correlations between
the mean grain size (Mz) and other textural
parameters (sorting (o); skewness (Sk;j) and kur-
tosis (Kg)) for the Red Sea coastal dune sands
show two significant correlations between grain
size and sorting, and grain size and skewness
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Figure 2. Binary diagrams of grain size (Mz) vs. sorting (o),
skewness (Ski) and kurtosis (K ). Values (1) are the Pearson
correlation coefficients that assess the degree to which two
variables are related.

(Mansour and Sediek 1994; Mansour et al. 2000)
(figure 2).

In the two studied fields, the coastal dune sands
consist of quartz (monocrystalline (Qm) and poly-
crystalline (Qp)), feldspars (F) and lithic fragments
(Lf). The Qt-Ft-Lt ternary diagrams (figure 3a;
table 1) show that the examined sands of SF
(Qt81.42Ft8_32LF10_3) and QS (Qt8145:Ft8.2:LF10_3)
are quartzosublithic sands. The abundance of
quartz in both sites along the Red Sea coast is prob-
ably due to the maturity process, and indicates a
recycled source.

The QmFLt ternary diagram (Dickinson et al.
1983) shows that the Red Sea coastal dune sands
plot mainly in the recycled orogen field and partly
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in craton interior field (figure 3b). However, the
composition of sands may reflect significant dif-
ferences between SF and QS fields, supported by
the average values and position of sand grains-mud
matrix-carbonate cement (table 1). The southern
area (QS) has carbonate (porcelanous foraminifera)
content (31.6%) relatively higher than in the north-
ern area (SF) sediments (av. 11.2%, table 1). The
content is also relatively higher in the samples of
the middle part of dune ridges than in the other
parts (table 1).

Coastal dune sands are mainly composed of
quartz (76.7-87.6%) and feldspar grains (4.8-10.8%),
table 1). They constitute more than 80% of the
sediments. However, the amount of biogenic frag-
ments and shells, mostly soritides exceeds in the
dunes at Quseir area. Quartz grains are fine,
subrounded to well-rounded and moderately well-
sorted. They are mostly monocrystalline with few
polycrystalline. It contains tourmaline and apatite
inclusions. Monocrystalline quartz grains are either
uniform or undulatory extinction. Feldspars and
rock fragments are also common in coastal dune
sands. Lithic fragments consist mainly of sedimen-
tary with metamorphic and plutonic fragments.
Sedimentary rock fragments are carbonates, sand-
stone, siltstones and chert. Metamorphic fragments
observed were probably gneisses. Plutonic lithics
(i.e., granite and granodiorite) were observed.

The identified heavy minerals in the two studied
dune fields are represented by mnon-opaque and
opaque minerals (figure 4). Opaques such as mag-
netite, ilmenite, hematite and amorphous iron
oxides are present (17.6-36.3%). The frequency
percentage of heavy minerals is higher in the south-
ern field (QS) and in samples of the upper part
of the dunes (table 1). The lowest heavy min-
eral content is obtained from samples at the end
(lower part) of dune ridges. However, no variation
is noticed in the heavy mineral association of the
two studied coastal dune fields. The most common
minerals are the non-opaque minerals (63.7-82.4%)
of total heavy minerals (table 2). They are more
abundant in the dunes of QS sands.

Amphibole (green and brown hornblendes with
minor riebeckite) is the most abundant non-
opaque heavy minerals, averaging 40.9 and 53.7%
in SF and QS coastal dune sands respectively.
The grains are mostly prismatic in shape, how-
ever subrounded grains are also observed. The
brown biotite is abundant, especially in SF (avg.
20.4%). Pyroxenes include both orthopyroxenes
and clinopyroxenes. They are relatively abundant
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Figure 3. (a) QFL triangular diagram shows the classification of the coastal dune sands, modified after Dott (1964) and
McBride (1963) and (b) QmFLt ternary diagram for the coastal dune sands after Dickinson et al. (1983).

Figure 4. Photomicrograph of heavy minerals in coastal dune sand showing, opaques and non-opaques with different grain

habits at (a) Safaga and (b) Quseir dune fields.

especially in QS (avg. 9.9%). Epidotes and mon-
azites average 10.4 and 12.8% respectively are
common in the dune SF sands. Chlorite and anhy-
drite (av. 5.7 and 5.0%, respectively) are relatively
less abundant especially in QS sands. The ultra-
stable minerals (zircon, rutile and tourmaline) are
very rare along the Red Sea coast (table 2). Other
minerals include garnet staurolite, sphene, kyanite,
andalusite, sillimanite and glauconite.

In SF, abundance of green hornblende, biotite,
monazite, epidote and pyroxenes and scarcity of
other minerals are characteristic of the dune field.
Here andalusite and staurolite have highly concen-
tration than QS coastal dune sands. The heavy

mineral grains are subrounded to well-rounded as
an indication of the long transportation distance
from the hinterland Precambrian basement and
Miocene and post-Miocene sedimentary rocks. The
source rocks of sediments in the SF dune field are
mainly derived from recycled older sedimentary
with high effect of metamorphic-plutonic sources
(Philobbos et al. 1983).

In QS, abundance of green and brown horn-
blende, pyroxenes, epidote and chlorite, and scarcity
of other minerals are the most distinctive features
of the dune field. However, sillimanite reaches its
high content in the QS coastal dune sands. The
heavy mineral grains are rounded as an indication
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of long transportation distance from the hinterland
older rocks. The source rocks of sediments in the
QS dune field are mainly derived from Miocene and
post-Miocene rocks with low effect of Precambrian
metavolcanic, metagabbro, and granite (Dar 1998).

4.2 Major element geochemistry

The XRF analyses of whole-rock coastal dune
sands of Safaga (SF) and Quseir (QS) are given in
table 3. The provenance discriminant function dia-
gram of Roser and Korsch (1988), (figure 5) shows
that there are two major provinces, which influ-
ence the composition of coastal dune sands: the
quartzose and felsic provinces being the SF coastal
dune sands located mainly in quartzose sedimen-
tary provinces except six sample plots in the felsic
igneous provinces, whereas the QS coastal dune
sands placed exclusively in the quartzose sedimen-
tary provinces.

In the A-B-C and CaO-Nay;O-K;O ternary
diagrams (Kasper-Zubillaga and Zolezzi-Ruiz 2007)
show that the coastal dune sands for both SF
and QS plot exclusively in the coastal dune field
(figure 6a, b), which can be attributed to the com-
positional maturity near the coast. This can be
indicated by the high silica and low feldspar and
rock fragments for both the studied coastal dune
fields.

4.3 Trace element geochemistry

The results of trace element concentrations for the
two investigated sites are given in table 4. The
average upper continental crust (UCC) normalized
data (Taylor and McLennan 1985) of trace ele-
ments shows higher concentration of Sr, Ba, Co,
Cr, Zr, Y, Nb, and Rb and depletion of V, Ni, Zn,
Cu and Pb for coastal dune sands at the two stud-
ied dune fields (figure 7). However, there are slight
differences in trace element contents among the two
investigated dune fields, which may be the result
from the sorting effect of sands or differences in
source rock compositions.

The high enrichment in Sr content in coastal
dunes (table 4) and the positive correlation between
Sr and CaO (r = 0.769), indicate their original con-
centrations in the skeleton of marine organisms. SF
and QS coastal dune sands contain high concentra-
tion of large ion lithophile elements such as Rb and
Ba. In addition, Rb and Ba show positive correla-
tion with KoO (r = 0.788; 0.603, respectively) for
both the coastal dune sands, reflecting that these

J. Earth Syst. Sci. (2017) 126:50

mineral distribution controlled by alkali feldspar
(Armstrong-Altrin et al. 2015a; Zaid 2015c¢). Zr
content in SF coastal dune sands (70+ 10, n = 13)
is higher than that in QS sands (16 + 4, n = 13).
The correlation between Zr and FeoO3 (r = 0.939)
are well correlated for SF and QS sands, suggest-
ing that this element may be hosted by zircon
and/or magnetite. The transitional elements like
Cr and Cu are more concentrated in SF than QS
coastal dune sands. In addition, Cr and Cu show
positive correlation with Al,O3 (r = 0.669; 0.65,
respectively) for both the sands, indicating that
these transitional elements are mainly associated
with clay minerals. The presence of Y in both the
studied coastal dune fields, indicate basaltic and
metamorphic sources (Hill et al. 2000).

5. Discussion

5.1 Texture parameters and modal analysis

The negative correlation between Mz(g) and o(9)
for the Red Sea coastal dune sands (figure 2a)
reflect a wide coastal plain for both SF and QS
dune fields, which allows a deposition of various
terrigenous sand sizes. In addition, the mean grain
size values are dispersed with the presence of shell
fragments (Wang et al. 2003). The positive cor-
relation between Mz(¢) and Ski(g) for both SF
and QS coastal dune sands (figure 2b) may be
due to long-shore processes along the coastal plain
close to river mouth discharging coarse sediments.
The linear relationship between Mz(¢) and Kg(9)
suggest that the sands of both SF and QS dune
fields (figure 2c) are affected by onshore winds and
long-shore currents which pick up and transport
sand grains and shell detritus into a wide Red Sea
coastal plain at the border of the beach producing
mesokurtic curves.

The SF coastal dune sands seem to have the
similar mineralogical composition as the QS coastal
dune sands (figure 3a). The mineralogical compo-
nent Qt—Ft—Lt, indicates that SF and QS coastal
dune sands are affected by quartz-rich sands. The
abundance of quartz within dune sands may be due
to the continuous supply of sedimentary rock frag-
ments that are composed mainly of sandstone and
shales into dune fields. The presence of sedimen-
tary lithic fragments besides metamorphic-plutonic
lithics in both SF and QS coastal dune sands indi-
cated that these dune sands were influenced by
alluvial sands from adjacent wadis. The recorded
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DISCRIMINANT FUNCTION 1

Figure 5. Major elements provenance discriminant function
diagram for the coastal dune sands (Roser and Korsch 1988).
The discriminant functions are: Discriminant Function 1
(=1.773 - TiO2) + (0.607 - Al,O3) + (0.760 - FezO3)
(—1.500 - MgO) + (0.616 - CaO) + (0.509 - Na2O)
(—1.224 - K20) + (—9.090); Discriminant Function 2
(0.445 - TiO2) 4+ (0.070 - AloO3) + (—0.250 - Fe2O3)
(—1.142 - MgO) + (0.438 - CaO) + (1.475 - Na2O)
(1.426 - K2O) + (—6.861).

++ 0+ 41

carbonate material in the light fraction proved its
derivation from the beach zone where winds picked
up and moved grains to form part of the sand dunes
at the border of the beach.

5.2 Weathering conditions and hydraulic sorting

There are many weathering indices been developed
and are extensively used to identify the chemical
weathering intensity of the source area (Armstrong-
Altrin 2015; Armstrong-Altrin et al. 2015a; Kassi
et al. 2015; Zaid 2015¢). Among these weathering

a

Confidence region of the
population mean

(coastal dunes) Confidence region of the

population mean
(inland dunes)

Mean
(inland dunes)

Mean
4 (coastal dunes)

B 10 20 30 40 50 60 70 80 90 C

O Safaga dune sands 40
O Quseir dune sands 30
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indices, a chemical index of alteration (CIA; Nes-
bitt and Young 1982) is widely used to determine
the degree of the source area weathering. The CTA
values for the SF and QS coastal dune sands are
(54.97 + 1.26, n = 13) and (47.44 + 1.81, n = 13)
respectively (table 3) and are low relative to the
range of the post-Archean Australian shale (PAAS)
value (70-75; Taylor and McLennan 1985). How-
ever, the average CIA values in QS coastal dune
sands is lower than in SF coastal dune sands,
the differences in average CIA values among the
two investigated dune fields are not statistically
significant (Armstrong-Altrin 2009). These values
suggest arid climate and a low intensity of chemical
weathering.

The CIA values of SF and QS coastal dune
sand samples are plotted in the ACNK diagram
(figure 8). The degree of weathering is quite vari-
able for both the studied sites. All samples are scat-
tered around the feldspar join line (figure 8), which
reveals steady state weathering conditions. These
conditions occur where climate and tectonism vary
greatly, altering the rates of chemical weather-
ing and erosion, and resulting in the production
of chemically diverse sediments (Armstrong-Altrin
2009). All samples are mostly scattered around
the plagioclase — K-feldspar line near upper crust
source (figure 8), suggesting recycled older sedi-
mentary source rocks (Nesbitt and Young 1984).
The smaller differences among the CIA values of
SF and QS coastal dune sand samples also suggest
a recycled older sedimentary source.

The calculated Rb/Sr ratio values (table 4) of
the investigated SF (0.1£0.01) and QS (0.06+£0.04)

b Ca0

Confidence region of the 80
population mean

sl i) Confidence region of the

population mean
(inland dunes)

Mean

(coastal dunes)

Mean
(inland dunes)

Na,0O 10 20 30 40 50 60 70 80 90

K,0

Figure 6. (a) A-B—C ternary diagram for the Eastern Desert coastal dune sands where A = SiO2, B = K2O+NayO+ Al, O3
and C = Fe2O3 + TiO2 + MgO (after Kasper-Zubillaga and Zolezzi-Ruiz 2007). (b) CaO-Naz;O-K2O ternary diagram for
the Eastern Desert coastal dune sands (after Kasper-Zubillaga and Zolezzi-Ruiz 2007).
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Figure 7. Multi-element normalized diagram for the coastal dune sand samples, normalized against average upper continental
crust (Taylor and McLennan 1985). A horizontal line of sand/upper continental crust value of 1 is included for reference.

(a) Safaga and (b) Quseir.

dune sands are less than the average PAAS (~0.80;
Taylor and McLennan 1985), suggesting low inten-
sity of chemical weathering in the source area.
Among the hydraulic fractionation indexes, the
ratio of opaque/non-opaque (O/NO) and a stabil-
ity index (zircon + tourmaline + rutile/pyroxene +
hornblende (ZTR/PH)) (table 2) values show sig-
nificant differences among the sedimentary provin-
ces of the two examined dune fields. The highest
O/NO ratio values (0.6, table 2) were recorded at
SF coastal dune sands, which indicate the effect
of magmatic and metamorphic source rocks. The
lowest O/NO values (0.2, table 2) were recorded
at QS coastal dune sands; suggest recycled sedi-
mentary rocks. Also, the highest values of stability
index ZTR/PH (0.15, table 2) were recorded at SF
coastal dune sands which indicate large transport

distance and the effect of fluvial and marine pro-
cesses.

The Index of Compositional Variability (ICV)
values (Cox et al. 1995) can be used to evaluate the
hydraulic sorting of sands of studied dune fields.
The ICV values are higher than 0.84 for both SF
and QS coastal dune sands (table 3), suggesting
that the dune sands are enriched in rock forming
minerals. Similarly, the high SiO3/Al;03 ratio val-
ues, indicates the compositional maturity of both
SF and QS coastal dune sands (Armstrong-Altrin
et al. 2015a).

The enrichment of Co within the coastal dune
sand samples may be due to the recycling of
sedimentary lithics near marine environments or
may be associated with TiOy and Fe,Og in rutile,
ilmenite and magnetite (Zolezzi-Ruiz 2007).
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Figure 8. A-CN-K ternary diagram of molecular propor-
tions of Al;O3—(CaO* + Na20)-K2O (after Nesbitt and
Young 1984). Also plotted is the average upper continen-
tal crust (Taylor and McLennan 1985), as well as some
rock forming minerals important in silicate rock weathering;
shown at the side is the CIA scale. Arrows 1-3 represent the
weathering trends of granodiorite, adamellite and granite,
respectively (Nesbitt and Young 1984).

5.3 Provenance

The discriminant function diagram (figure 5) shows
that the sand samples of SF dune field are plotted
mainly in the felsic igneous province, whereas the
sand samples of QS dune field are plotted exclu-
sively in the quartzose sedimentary province. This
result (figure 5) indicated that the coastal dune
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sands are subject to many recycled episodes but
not reflect the real source rock of these sands.
This means that the coastal dune sands in both
sites controlled by fluvial and beach sands composi-
tion rather than the main source rock composition.
Some polycrystalline quartz grains consist of two-
to-five or more subcrystals with slightly curved or
crenulated intercrystalline boundaries which sug-
gest the effect of metamorphic-plutonic source
(Blatt et al. 1980), which indicate a granitic source
and have the characteristics of marine formation.
The heavy mineral assemblage of the continen-
tal margins can be easily differentiated from the
intraoceanic, island-arc, and deep marginal sea
region by the percentage of minerals when plotted
on the MF/MT/GM diagram, which was applied
by Nechaev and Isphording (1993). The plotted
data show that the heavy minerals association of
coastal dune sands reflect divergent plate bound-
aries where MF>GM and GM<85% in most cases
(figure 9a). On the other hand, the distribution
patterns of the studied samples on ZGT diagram
of Sato (1969) shows that most of the coastal dune
sand samples plotted in type I along the ZT line
and in between type I and II (figure 9b), which
indicate the effects of plutonic-metamorphic source
rocks and the fluvial and marine processes. Tex-
tural and mineralogical features of SF and QS
coastal dune sands such as fine grains, moderately-
sorted to well-sorted, high-percentage of sedimen-
tary (carbonate) lithic fragments, rounded grains

b
I- Over 20% Z and less than 20% G
Z O Safaga dune sands
II- Over 20% Z and less than 30% T =
O Quseir dune sands
III- less than 20% Z
IV- The rest of sample 20

20 20
/ =9

G 90 g0 70 60 s0 40 30 20 10

Figure 9. (a) Inter-relationship of the MF-MT-GM suites in beach sand along the Gulf of Suez (after Nechaev and Ispho-
rding 1993) and (b) ternary diagram showing distribution of ZGT percentages according to Sato (1969).
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Figure 10. K20/Al;O3 vs. Rb/Al2O3 bivariate diagram for
the dune sands (after Armstrong-Altrin et al. 2012).

of zircon and rutile, suggesting that a component
of the provenance is older (pre-existing) sedimen-
tary rocks with subordinate metamorphic-plutonic
source rocks exposed near the studied dune fields
(Al-Habri and Khan 2008).

The K2O/Al,O3 vs. Rb/Al;O3 plot (figure 10)
shows that the coastal dune sands of SF and QS
are different in composition, and indicates a dif-
ferent source composition (Armstrong-Altrin et al.
2012). The SF and QS coastal dune sands have
low average Cr (36 + 9, 22 + 4, respectively) and
Ni (10 + 2, 14 + 4, respectively) contents, reflecting
the absence of ultrabasic rocks in the source area
(Armstrong-Altrin et al. 2004). This study reveals
that the SF and QS coastal dune sands formed
mainly from recycled sediments with subordinate
metamorphic-plutonic source rocks exposed near
the studied dune fields.

5.4 Tectonic setting

Verma and Armstrong-Altrin (2013) proposed two
new discriminant-function-based major-element
diagrams for the tectonic discrimination of silici-
clastic sediments from three main tectonic settings:
island or continental arc, continental rift, and
collision, created for the tectonic discrimination
of high ((SiO2)adj=63-95%) and low-silica rocks
((SiO2)adj=35-63%). These two new diagrams
were constructed based on worldwide examples
of Neogene-Quaternary siliciclastic sediments from
known tectonic settings, loge-ratio transformation
of ten major elements with SiO, as the com-
mon denominator, and linear discriminant analy-
sis of the loge-transformed ratio data. Recently,
these diagrams were evaluated by Armstrong-
Altrin (2015) and identified a good functioning of
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Figure 11. New discriminant-function multi-dimensional
diagram proposed by Verma and Armstrong-Altrin (2013)
for high-silica clastic sediments from three tectonic settings
(arc, continental rift, and collision). The subscript m1 in DF1
and DF2 represents the high-silica diagram based on
log, -ratios of major-elements. The discriminant function
equations are:

DFI(Arc—Riftfcol)ml = (70.263><In(TiOg/SiOg)adJ‘)+(0.604><
In (Al203/Si02)ag;) + (=1.725x In(Fe20%/Si02)aq;) +
(0.660 x In(MnO/SiO2)adq;) + (2.191 x In(MgO/SiO2)ad;) +
(0.144 X In(CaO/SiOz)adj) -+ (71.304 X In(NaQO/SiOQ)adj) -+
(0.054 X IH(KZO/SiOQ)adj) + (—0.330 X ID(P205/SiOQ)adj) +
1.588.

DFQ(Arc—Riftfcol)ml = (71.196>< In(TiOQ/SiOQ)adj)+(1.604><
In(Al203/Si02)adj) + (0.303 x In(Fez 0% /SiOx ) aqj) + (0.436 x
In(MnO/Si02)aqj) + (0.838 x In(MgO/SiO2)adqj) + (—0.407 x
ID(CaO/SiOz)adj) + (1.021 X In(NaQO/SiOQ)adJ’) + (*1.706 X
In(KgO/SiOz)adJ‘) + (—0126 X IH(P205/Si02)adj) — 1.068.

these diagrams for discriminating the tectonic of
setting of older sedimentary basins. Similarly, these
diagrams were used in recent studies to discrimi-
nate the tectonic setting of a source region, based
on sediment geochemistry (Armstrong-Altrin et al.
2015a; Zaid 2015¢). One of these new discriminant-
function based major-element diagrams (i.e., the
high-silica diagram ((SiOz)adj >63 to <95%,
figure 11) is used in this study to identify the tec-
tonic environment of the two investigated dune
fields. This diagram (figure 11) indicated that
the coastal dune sand samples of both SF and
QS placed in the rift field, except five sam-
ples that plotted near the line between the col-
lision and rift fields. These results provide a
good evidence for the extension in the Red Sea
rift system during Oligocene—post Pliocene, which
is consistent with the general geology of Egypt
(Said 1990).

Recently, Verma and Armstrong-Altrin (2016)
also proposed two new discriminant-function-based
multidimensional diagrams for the discrimination
of active and passive margin settings. These dia-
grams (figure 12a, b) indicated that coastal dune
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Figure 12. The new multi-dimensional discriminant func-
tion diagrams proposed by Verma and Armstrong-Altrin
(2016) for the discrimination of active (A) and passive (P)
margin settings. (a) Major element (M) based diagram
and (b) combined major and trace element (MT) based
diagram. The discriminant function equations are:

(1) DF(A_p>M = (3.0005 X ilrlTiM) + (—2.8243 X ilr2A1M) +
(—=1.0596 X ilr3pem) + (—0.7056 X ilrdnmm) + (—0.3044 X
ilrSnigm )+ (—0.6277 X ilr6canm )+ (—1.1838 X ilrTnanm ) +(1.5915
X ilr8xm) 4 (0.1526 X ilr9pwm) — 5.9948.

(2) DF(A_p)MT = (3.2683 X ilrlTiMT) + (53873 X ilI‘QAlMT) +
(1.5546Xih‘3FeMT)+(3.2166><i1r4MnMT)+(4.7542Xih‘5MgMT)
+(2.0390XilI‘GCaMT)—f—(4.0490><ilr7NaMT)+(3.1505Xilr8KMT)
+ (2.3688 x ilr9pmt) + (2.8354 X ilrlOcrmt) + (0.9011 X
ilI‘lleMT) -+ (1.9128 X ih‘l?NiMT) -+ (2.9094 X ilr13VMT) -+
(4.1507 X ilr14YMT) + (3.4871 X ilr15ZrMT) — 3.2088.

sand samples of both SF and QS dune fields were
deposited in a passive continental margin field. The
results obtained from these discriminant function
diagrams are consistent with the regional geol-
ogy of the Egyptian Red Sea Coastal plain during
the Oligocene—post Pliocene (Purser and Philobbos
1993).

6. Conclusions

e The SF and QS coastal dune sands are fine-
size, moderately, moderately-well to well-sorted,
coarse-skewed to near-symmetrical sands and
mesokurtic. This reflects that the coastal dune
sands inherited from the beach zone where
onshore winds picked-up and transport grains
into a wide Red Sea coastal plain at the border
of the beach.

e The coastal dune sands of SF and QS are mainly
plotted in the recycled orogen and partly in cra-
ton interior fields, suggesting recycled older sedi-
mentary with subordinate metamorphic-plutonic
sources. The mineralogical (Qt-Ft-Lt) and geo-
chemical composition of the sands, indicate that
SF and QS coastal dune sands are mature and
influenced by quartz-rich sands. Major sediment

J. Earth Syst. Sci. (2017) 126:50

supply for the coastal dune sands comes mainly
from alluvial sands of the adjacent large wadis,
which are enriched with quartz and sedimentary
lithics.

e The Red Sea coastal dune sands suffer from arid
climate and little chemical weathering (CIA val-
ues low relative to the range of the PAAS) and
they are chemically homogeneous This implies
that aeolian activity is partially controlling the
geochemistry of the sands.

e The new tectonic discriminant-function diagrams
suggest that the coastal dune sands were
deposited in a passive margin of a synrift basin
and provide a good evidence for the extension in
the Red Sea rift system during Oligocene-post
Pliocene, which is consistent with the general

geology of Egypt.
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