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Multi-heavy mineral separation techniques like density, magnetic, and electromagnetic techniques
are followed by picking, grain counting, and mineralogical examinations conducted with an
environmental scanning electron microscope (ESEM). These techniques have been applied to several
drill hole (well) composite samples representing beach sand and dunes of East El-Arish area, North
Sinai, Egypt. The results explain the remarkable enrichment in total heavy minerals (THM) of beach
sand (4.4%) compared to sand dunes (2.6%): this is due to the natural concentration of the currents
of the Mediterranean Sea. After characterizing the heavy minerals in terms of the abundance of each
mineral species, the mean values of content relative to total economic heavy minerals (TEHM) were
determined as 70.03% ilmenite, 3.81% leucoxene, 3.03% magnetite, 8.7% garnet, 10.6% zircon,
3.13% rutile, 0.37% monazite, and 0.31% titanite in the sand dune samples. The total economic heavy
minerals in the beach samples were 64.08% ilmenite, 1.6% leucoxene, 2.84% magnetite, 18.16%
garnet, 10.4% zircon, 2.18% rutile, 0.61% monazite, and 0.13% titanite. Monazite, thorite, zircon,
and apatite are the main radioactive minerals in the study area. The combination of two specific
characteristics of the studied monazite (relatively high Th-U content and high frequency) makes
monazite the main contributor to radioactivity of the study area.

Economic heavy mineral deposits are detritus sediments that accumulate in coastal areas, including beach sand
and sand dunes. These deposits are derived from the weathering of metamorphic and igneous rocks. Rivers and
aeolian processes transport sediments to coastal areas, where they are sorted and concentrated by water, tidal,
and wind currents. These processes lead to the accumulation of layers of dense sediments in a variety of coastal
depositional environments in the form of beach sand and sand dunes'2. These deposits contain strategic and
economic heavy minerals needed for the nuclear industry and other metallurgical and engineering industries.
Worldwide studies of heavy minerals have focused on the economic importance of these deposits, including in
the United States?, Brazil®, Australia*®, India®, and Egypt’~1°. These studies show that the main heavy minerals
are ilmenite, magnetite, garnet, rutile, zircon, titanite, apatite, monazite, and others.

In recent years, there has been growing interest in the extraction of economically valuable heavy minerals
from Egyptian black sand located on the country’s northern coast, especially after the foundation of the Egyptian
Black Sand Company (EBSC) in 2015 in collaboration with the Egyptian Nuclear Materials Authority (NMA).
The latter has formulated an industrial plan for the exploitation of black sand sediments in the coastal area of
the Mediterranean from Roseta in the west to Rafah in the east, including north Sinai sand dunes and beach
sand. To continue and complete this plan, the evaluation and study of the economic heavy minerals in north
Sinai are required to supply and support the production line. After providing a literature survey of work per-
formed in areas like Roseta, Damietta, and the El-Arish coast, the present work investigates the mineralogy of
economic heavy minerals, including radioactive minerals like monazite, zircon, and thorite, in sand dunes and
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beach sediments. Consequently, the paper discusses the relationship between radioactivity and the distribution
of heavy minerals in the studied samples.

The study area is located in the northern part of Sinai between latitudes 31° 11’ 05.4"-31° 08’ 31.7" N and
longitudes 33° 57’ 45.2"-33° 51' 40.3" E (Fig. 1). The map provided by El Hadary'! shows 13 main black sand
localities on Egypt’s Mediterranean coast. These localities are plotted in the following satellite image of northern
Egypt (Fig. 1a). The study area covers about 26 km?. It is part of the North Sinai Sand Sea (NSSS). This extends
over ~ 120 km from the Suez Canal in the west to the eastern borders of Egypt and 30-120 km from the southern
slopes of Gabal Maghara and Gabal Halal in the south to the Mediterranean coast in the north'”. According to
Roskin'®, the NSSS covers ~ 13,600 km?. Several contributions have been made to describing the geomorphology
of NSSS'7-1°. According to the provided geological map (Fig. 1b), Holocene sand dunes and beach sand cover
the study area. A description of the main geomorphologic units is provided the next section.

The geological source of the sand dunes in the NSSS is mostly exogenous, because, although there is a tre-
mendous amount of sand in this area, there are no significant surface sandstone formations. In addition, the
biggest fluvial system, i.e., Wadi Al-Arish, which originates from the middle Sinai and flows northward to the
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Figure 1. (a) Noth Egypt satalight image shows location of the main black sand deposits and the study area. (b)
Geological map of the study area.(c) Detailed topographic map illustrate the main deposits for study area (the
area only covered by sand dune and beach sand), Map was created by Surfer Software 13.6 (2016) https://www.
goldensoftware.com/products/surfer.
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Mediterranean (Fig. 1a), cannot be considered as the main source of sediments for this dune field simply because
this valley drains limestone strata and the sand in the NSSS is mainly quartz'’. The possibility that this sand came
from the Nile River through the defunct Pelusiac Nile branch?, which was located west of the sand sea, is quite
convincing. The wind moved sediment from the Nile that settled along the coast to form this coastal sand sea'.
Overall, the mineralogical data from Muhs'® suggest that the dunes are derived dominantly from the Nile delta,
with Wadi Al Arish sands being a minor contributor.

Geomorphology of the study area

Coastal sand dune. The study area is part of the NSSS. The common geomorphologic units in the study
area are coastal sand dunes and beach sands (Fig. 1¢). Coastal sand dunes generally extend almost parallel to the
area’s regional structure, with elevations up to 48 m. Three types of sand dunes are observed in the study area,
namely (in order of abundance): (1) linear (longitudinal), (2) barchan, and (3) transverse. Linear dunes are the
most abundant aeolian landform on the northern Sinai coast. They extend along the coastal zone of the Mediter-
ranean. They consist of an array of parallel to sub-parallel vegetated linear dunes (Fig. 2a). Their length ranges
from a few hundred meters to more than 1 km, while their width ranges from 50 to 100 m: they generally have
wavy crests. Barchan dunes are particularly pronounced in the El-Arish region (El Resa, Al Sakaska, Al Wadi Al
Akhdar) (Fig. 2b). These dunes are 10 m thick and relatively vegetation-free?'. These dunes are formed by south-
western winds and migrate in the NE direction, where the supply of sand is somewhat limited. Transverse dune
belts are superimposed on older anchored linear ridges, forming complex dunes. They are generally arranged
parallel to each other. The transverse ridges are generally oriented in a NNW-SSE direction (ranging from N5°W
to N12°W). In the north, their slip faces may extend for about 1.9 km and have an average width of about 200 m
(Fig. 2¢). Ripple marks have been produced as a result of wind action on the limbs of the sand dunes (Fig. 2d,e).

Beach sand. The Holocene has seen great changes in the position of shorelines and coastal morphology as
a result of rising sea levels?2. From west to east, the prevailing Mediterranean current reshapes coastlines. The
Mediterranean current plays a vital role in physically concentrating heavy minerals along beach lines. Sinai
beaches consist of unconsolidated and readily transportable sand; they adjust quickly to changes in the nature
and energy of coastal processes. Large asymmetric cusps have been identified along the beach in the study area
(Fig. 2f).

Materials and method

Sampling and techniques. 30 drill hole (well) samples representing the main two geomorphologic units
in the studied area (beach sand and sand dunes) were homogeneously mixed and collected to give one composite
sample for each well. The depth of the wells varied from 10 to 35 m, with a mean of 25 m for the sand dunes and
6 m for the beach sand. The collected samples are distributed as follows: 5 samples from the El Resa area (labelled
asR,), 15 samples from the Al Sakaska area (labelled as X, ), 4 samples from the Al Wadi Al Akhdar area (labelled
as K,), and 6 samples from the beach (labelled as B,,) (Fig. 3).

Figure 2. Photographs show: (a) linear sand dune with concave shape of coastline, (b) barchan sand dune (c)
transverse dune, (d) sand dune with ripple marks on its limbs, (e) the ripple marks and (f) sharp beach cusps of
about 75 cm height.
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Figure 3. Topographic map shows samples location. Map was created by Surfer Software 13.6(2016) .https://
www.goldensoftware.com/products/surfer.

All mineral species with a specific density more than 2.88 g/cm?® are considered heavy minerals. The total
heavy minerals are concentrated in the medium, fine, and very fine sand-size categories?. These investigations
were conducted on sand less than 0.5 mm in size. The original sand samples were dried and prepared for mineral
separation using bromoform (Sp. Gr. 2.88 g/cm?). The heavy groups were dried and weighed. Their compositions
are calculated and provided in Table 1. The light groups were discarded.

Magnetite separation was carried out using a small hand magnet of a suitable strength. The magnetite-free
heavy minerals were magnetically fractionated using a Frantz Isodynamic Magnetic Separator (Model L-1) with
a side slope of 5° and a forward slope of 20°%*,

The results of magnetic separation were examined with a binocular stereo microscope to determine the pro-
portions of minerals in each fraction. Counting was done for a small representative sample (about 0.1 g) of each
fraction and sprinkled as a one-grain-thick layer on a glass plate. The counting of each mineral was carefully
executed, and the frequency was calculated according to the following equation'*?:

Nxd

N: number of grains for each mineral;d: specific density of each mineral;T: sum. of numbers of grains for each
mineral multiplied by its density (i.e., T=X(N*d;) + (N*d,) +.....ocentie (N,*d,), where 1, 2, and x refer to the
prepared mineral fractions).

The frequencies of each mineral in the different magnetic groups are recorded in Table 2.

Mineralogical examinations were performed with a Phillips XL-30 environmental scanning electron micro-
scope (ESEM), supported by energy-dispersive X-ray spectroscopy (EDX) and observations of heavy minerals
under a binocular stereo microscope. This illustrated grain morphologic characteristics such as crystal habit,
color, surface pitting, rounding, and abrasion. Radiometric measurements of eU, eTh, and K were carried out
using a Bicron scintillation Nal (T1) detector connected to a multichannel analyzer.

Results and discussion

The study of heavy minerals is focused on those of high economic value, namely total economic heavy minerals
(TEHM). Those with the lowest economic value, namely green silicates (amphiboles, pyroxene, mica, and oth-
ers), are ignored. The distribution of the total heavy minerals is graphically represented with both a histogram
(Fig. 4) and a contour map (Fig. 5). The histogram reveals the remarkable enrichment of total heavy minerals in
the beach samples compared to the sand dune samples. In addition, the contour map indicates the presence of
two agglomerates of heavy minerals located near the beach in the Al Wadi Al Akhdar area (Fig. 6). The beach
sand, in general, and the two agglomerates, in particular (samples B4 & B5), are characterized by high THM
content, high monazite content, and high eTh: see the contour map (Fig. 7) in the next section. Therefore, these
two agglomerates are responsible for radioactivity in the area. However, the comparison between the important
parameters of the Egyptian black sand localities were tabulated in table 3.

Opaque minerals. Magnetite Fe’*Fe>*,0,. Magnetite was separated using a hand magnet. It was recorded
in all studied sediments: its content in the coastal dune samples ranges from 0.026 to 0.152%, with an average of
0.058%, and ranges from 0.026 to 0.309%, with an average of 0.112%, in the beach samples (Table 2 and Fig. 6).
The magnetite is massive, granular, and angular to sub-angular (Fig. S1a): octahedron crystals of magnetite are
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Unit Area S.No | THM % | Unit Area S.No | THM %

R1 2.27 B1 2.69
R2 2.00 B2 3.13

El Resa R3 2.82 B3 2.08
R4 2.87 B4 11.39
R5 2.02 B5 5.19
X1 2.10 Bo6 3.02
X2 2.50 Min 2.08
X3 3017 Max W
X4 2.30 Ave 4.583
X5 2.40
X6 2.20
X7 2.44

Al Sakaska X8 2.64

Coastal sand dune X9 3.73 Beach sand | Beach sand

X10 2.78
X11 2.87
X12 3.14
X13 3.20
X14 2.67
X15 2.81
K1 2.35
K2 2.98
K3 2.37

Al Wadi Al Akhdar | K4 2.08
Min 2.00
Max 3.73
Ave 2.61

Table 1. Percentages of total heavy minerals (THM) separated by bromoform solution for the studied
sediments.

less frequent. The magnetite occurs also as isolated grains or as parallel twins and irregular shapes (Fig. Slc).
The selected magnetite grains were investigated using ESEM (Fig. S1b, ¢ and d). Rounded magnetite grains are
shown in Fig. S1b. In the present study, EDX microanalysis data shows that the additional weight percentage of
titanium reaches up to 28.64% (Fig. S1d). Magnetite has different amounts of trace elements (e.g., Mg, Al, Sc, Ti,
V, Nb, Cr, Ge, Co, Ni, Zn, Mn, Ga, Y, Ta, and Zr) in its crystal structure during formation processes?®?. The stud-
ied magnetite grains have Ti, Al, Si, and Ca as trace elements (Fig. S1). Ti-rich magnetite is related to mafic and
ultramafic igneous rocks, while Ti-poor magnetite crystallized from felsic to intermediate magmas®’. Summing
up, it can be concluded that the studied magnetite high in Ti (Fig. S1d) is derived from mafic and ultramafic
igneous rocks. The results are compatible with El-Kammar®, who stated that titano-magnetite minerals, such as
magnetite, ilmenite, leucoxene, and rutile, are mainly derived from mafic volcanic rocks of Blue Nile provenance.

Ilmenite (FeTiO;). Ilmenite is considered the most abundant heavy mineral in Egyptian black sand. Ilmenite
is a ferromagnetic mineral separated mainly at the magnetic fields 0.2A and 0.5A. Morphologically, the inves-
tigated ilmenite was recorded as black with a metallic luster. It occurs as irregular to subangular shapes with
smooth edges (Fig. S2a), rod-like shapes (Fig. S2b), ovals with smooth and pitted surfaces, and well-rounded to
subrounded shapes (Fig. S2c) (Table 3).

The ESEM data of ilmenite are shown in Fig. S2d-g. Ilmenite contains TiO, ranging from 57.18 to 59.94%;
this agrees with Garnar®!, who states that TiO, in ilmenite ranges from 45 to 65%. In addition, several studies
have noted the presence of Ti oxide in ilmenite (Table 4). El-Arish ilmenite is considered high grade due to the
relatively high content of TiO, (57-60%) compared to other Egyptian detrital ilmenites (Table 4). MnO % was
used as a source rock indicator:*** analysis shows that ilmenite grains with MnO >2.0 wt% are prevalent in sands
from felsic igneous rocks. Some grains of detrital ilmenite are measured here (Fig. S2f.) with MnO > 2.0 wt%, sug-
gesting they originate in felsic igneous rocks. Ilmenite represents about 70% and 64% of TVHM for sand dunes
and beach sand, respectively (Fig. 7). Ilmenite content ranges from 1.057 to 1.880%, with an average of 1.341%,
in the coastal dune samples and from 1.176 to 7.065%, with an average of 2.526%, in beach sand samples (Fig. 6).
Consequently, the ilmenite concentration is similar to that in the Baltim area (~2.07%)°. The EDX microanalysis
of ilmenite demonstrates that ilmenite does not play a significant role in radioactivity in the study area.
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TEHM
Opaque Minerals % Non-opaque minerals %

Area S.No \ Mgt.% \ 1Im.% \ Leuc.% \ Rut.% | Zr.% \ Gar.% \ Mz.% \ Tit.% |STEHM% |GS% | THM %

Coastal sand dune

El Resa R1 0.031 1.133 0.063 0.090 0.095 |0.177 0.004 | 0.005 1.597 0.668 2.265

R2 0.046 1.065 0.032 0.048 0.134 | 0.113 0.047 | 0.008 1.492 0.508 2.000
R3 0.052 1.410 0.049 0.033 0.284 |0.161 0.010 | 0.000 1.998 0.821 2.819
R4 0.056 1.365 0.082 0.071 0.238 |0.186 0.012 | 0.009 2.019 0.851 2.870
R5 0.046 1.167 0.037 0.060 0.138 |0.109 0.004 | 0.004 1.564 0.456 2.020

Al Sakaska X1 0.052 1.367 0.039 0.036 0.181 |0.070 0.001 | 0.003 1.749 0.351 2.100
X2 0.038 1.262 0.129 0.102 0.183 |0.294 0.004 |0.026 2.038 0.463 2.500
X3 0.044 1.372 0.067 0.048 0.273 ]0.257 0.004 | 0.001 2.066 0.944 3.010
X4 0.026 1.208 0.027 0.059 0.176 | 0.166 0.001 0.000 1.662 0.636 2.298
X5 0.091 1.171 0.075 0.082 0.244 |0.142 0.006 | 0.005 1.817 0.583 2.400
X5 0.035 1.060 0.057 0.039 0.140 |0.079 0.008 | 0.006 1.424 0.776 2.200
X7 0.034 1.287 0.053 0.047 0.164 |0.258 0.001 0.004 1.848 0.592 2.440
X8 0.043 1.057 0.126 0.042 0.185 |0.157 0.005 |0.013 1.628 1.012 2.640
X9 0.071 1.451 0.145 0.056 0.387 |0.237 0.009 | 0.009 2.365 1.366 3.730
X10 0.119 1.457 0.077 0.066 0.349 |0.141 0.007 | 0.007 2224 0.556 2.780
X11 0.072 1.300 0.076 0.049 0.237 | 0.158 0.001 0.011 1.904 0.966 2.870
X12 0.152 1.753 0.121 0.057 0.175 |0.208 0.013 | 0.008 2.487 0.653 3.140
X13 0.100 1.880 0.067 0.079 0.241 |0.237 0.002 | 0.007 2.612 0.588 3.200
X14 0.039 1.373 0.096 0.054 0.181 |0.109 0.003 |0.010 1.865 0.805 2.670
X15 0.071 1.500 0.071 0.069 0.178 |0.154 0.002 |0.005 2.049 0.757 2.806

W Akh K1 0.038 1.424 0.035 0.057 0.161 |0.199 0.001 0.005 1.921 0.429 2.350
K2 0.067 1.797 0.077 0.090 0.230 [0.118 0.009 |0.003 2.390 0.590 2.980
K3 0.038 1.197 0.078 0.038 0.170 |0.167 0.006 0.001 1.696 0.673 2.370
K4 0.032 1.117 0.063 0.075 0.140 |0.112 0.000 |0.001 1.540 0.540 2.080
Min 0.026 1.057 0.027 0.033 0.095 |0.070 0.000 |0.000 1.424 0.351 2.000
Max |0.152 1.880 0.145 0.102 0.387 [0.294 0.047 |0.026 2.612 1.366 3.730
Aveg | 0.058 1.341 0.073 0.060 0.203 |0.167 0.007 |0.006 1.915 0.691 2.606

Beach

Beach B1 0.091 1.176 0.082 0.221 0.072 |0.048 0.006 |0.007 1.703 0.991 2.694
B2 0.072 1.828 0.094 0.045 0.275 [0.315 0.019 |0.003 2.650 0.476 3.126
B3 0.052 1.258 0.032 0.032 0.231 |0.156 0.006 |0.002 1.767 0.317 2.084
B4 0.309 7.065 0.095 0.116 1.238 |1.998 0.066 |0.003 |10.891 0.504 |11.394
B5 0.125 2.553 0.063 0.075 0.426 |0.984 0.029 0.016 4.272 0.920 5.191
Bo6 0.026 1.277 0.010 0.028 0.220 |0.798 0.019 | 0.001 2.379 0.639 3.018
Min 0.026 1.176 0.010 0.028 0.072 | 0.048 0.006 | 0.001 1.703 0.317 2.084
Max | 0.309 7.065 0.095 0.221 1.238 | 1.998 0.066 |0.016 10.891 0.991 | 11.394
Aveg | 0.112 2.526 0.063 0.086 0.410 |0.716 0.024 | 0.005 3.943 0.641 4.584

Table 2. The percentages of heavy minerals for studied sediments. S. No.=Sample number, Mgt. = Magnetite,
Ilm. =Ilmenite, Leuc. = Leucoxene Rut.=Rutile Zr. = Zircon, Gar. = Garnet, Mz. = Monazite, Tit. = Titanite,
GS=Green silicates, TEHM = Total Economic Heavy Minerals, THM =total heavy minerals; W Akh = Al Wadi
Al Akhdar.

Leucoxene (altered ilmenite FeTiO;). Leucoxene grains were separated at 0.5A and 1.0A, although the majority
were separated at 1.0A. Leucoxene was recorded in all studied sediments, ranging from 0.027% to 0.145%, with
an average of 0.073%, in the coastal dune samples and from 0.010% to 0.095%, with an average of 0.063%, in the
beach samples. According to the degree of alteration, the leucoxene’s color ranges from black (Fig. S3a) to brown
(Fig. S10b) and yellow (Fig. S3¢). Its grains range from irregularly rounded to subrounded, platy, and prismatic
with smooth or pitted surfaces. Ilmenite occurs as relicts on the surface of leucoxene, indicating the presence
of alteration processes (Fig. S3d). Leucoxene grains were investigated using ESEM, and the EDX microanalysis
data is shown in Fig. S3e. Leucoxene contains 87.33% TiO,; these results agree with Nadoll et al.?® who state that
TiO2 in leucoxene ranges from 68 to 92%.

Non-opaque minerals. Zircon (ZrSiO,). Zircon is concentrated in both non-magnetic and magnetic
fractions at 1.5A. Separated zircon crystals in a 1.5A nonmagnetic field have a long prismatic shape and a water-
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Figure 4. The histogram shows the total heavy minerals distribution among the sand dune and beach sand.
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Figure 5. Contour map shows the total heavy minerals distribution. Map was created by Surfer Software 13.6
(2016). https://www.goldensoftware.com/products/surfer.

clear color with a vitreous luster*”®. Saxena®® has stated that water-clear zircon grains in all types of rocks are
nonmagnetic. In ore concentration terms, the zircon content values vary from 0.095% to 0.387%, with a mean
of 0.203%, in the coastal dune samples and from 0.072% to 1.238%, with a mean of 0.410%, in the beach sam-
ples. The majority of zircon shows a significant heterogeneity concerning composition**-*?, crystal color®’, and
morphology**°. Most of the zircon is colorless. According to crystal morphology, the studied zircon consists of
colorless, short-to-long prismatic habits with bipyramid terminations (water clear zircon) (Fig. S4a), colorless
prismatics with black inclusions (Fig. S4b), colourless oval shapes (Fig. S4c), and colourless rounded shapes (Fig.
S4d). Magnetic zircon was recorded as yellow prismatics (Fig. S4e) with muddy (Fig. S4f.), orange (Fig. S4g), red,
and black euhedral grains (Fig. S4h and i). The variation in the color of zircon may be attributed to the density of
the fine inclusions and the degree of iron oxide staining. Some inclusions may be due to iron ions that penetrated
from the original melt through the zircon lattice during magmatic crystallization or from an outside source’®.
These inclusions are considered weak points that accelerate grain disintegration.*.

Fig. S5 illustrates EDX microanalysis and BSE imaging of zircon crystals as follows: a) typical euhedral zircon
crystals indicating a short transportation distance, b) bipyramid zircon grains, c and d) fractured prismatic zircon
grains indicating uranium loss, e) irregular zircon fragments, and f) bipyramid grains. Table 5 shows that Th
oxide content varies from nil to 3.96 with a mean of 2.04, while U oxide content ranges between nil and 2.50%
with an average of 0.74%. Hence, this is lower than the U and Th content in thorite and monazite.

The elements Zr and Hf are frequently used in sediment source discrimination**-*. The Zr/Hf ratio ranges 11
to 21 lower than the chondritic value of ~ 30. Furthermore, the Zr/Hf ratio generally decreases from ultramafic
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Figure 6. Frequency % of each individual heavy mineral among the study area.

to felsic during simple magmatic differentiation®, suggesting the possible derivation of the studied zircon from
more mafic rocks.

Garnet (Mg Fe**,Mn,Ca);(AlL Cr, Ti,Fe**),Si;0,,. Garnet is recorded in the studied samples as colorless, light
pale pink irregular fragments (Fig. S6a), pinkish rounded to subrounded grains (Fig. S6b), and red and reddish-
brown crystals with black inclusions (Fig. S6¢). Additionally, there are other features on the grain surfaces such
as surface pitting and etch facets. Figs. S7 and S8 demonstrate dissolution and transportation processes. These
observations are in agreement with Mange and Maurer*. The EDX microanalysis of garnet grains is shown in
Table 6. Based on data from Nickel and Nichols*}, in addition to the EDX microanalysis data, the studied garnet
is classified as almandine garnet (Fe-rich garnet) and an almandine-spessartine solid solution (Table 6).

Single-grain chemistry of detrital garnet is used in sedimentary provenance analysis**~*%. Consequently, ESEM
was used to perform semi-quantitative chemical analysis for seven garnet grains to define garnet type and source
rock (Table 6): this was followed using the Fe + Mn-Mg-Ca ternary plot suggested by Mange and Morton®.
They name the garnet types A, Bi, Bii, Ci, Cii, and D type A-granulite-facies metasediments and intermediate
felsic igneous rocks (high Mg, low Ca), type Bi-intermediate to felsic igneous rocks (high Fe, high Mn), type
Bii-medium-low metasedimentary rocks, amphibolite-facies (low Mg, variable Ca), Ci-metabasic rocks, type
Cii-ultramafic rocks, type D-low-grade metabasic rocks, and contact metasomatic metamorphic rock (Ca-rich).
Such garnets are here termed “type B” (Fig. S8). It can be concluded that most garnet grains are related to Bi-
type intermediate to felsic igneous rocks, while others are related to Bii-medium-low metasedimentary rocks
and amphibolite-facies.

Mineral inclusions in detrital garnet were used as a provenance indicator®. It is concluded that metamorphic
source garnet grains contain mineral inclusions > 2 pm. Consequently, we recorded some grains containing such
size inclusions via binocular stereo microscope observations and ESEM investigations, suggesting its derivation
from a metamorphic source. Other grains have no impurities (Fig. S6a). Garnet was recorded in all studied sedi-
ments, and its content ranged from 0.070% to 0.294%, with an average of 0.167%, in the coastal dune samples
and ranges from 0.048% to 1.998%, with an average of 0.716%, in the beach samples. The pie diagram (Fig. 7)
illustrates the clear enrichment of garnet in beach sand (about 18% TEHM). The EDX microanalysis on garnet
suggests no significant role for garnet in the natural radioactivity of the study area.

Monazite (Ce, La, Nd, Th, Y)PO,. 'The monazite of the studied sediments is (Ce)-Monazite. In ore concentra-
tion terms, the studied area shows a generally marked enrichment of total heavy minerals in beach sand, with an
exceptional increase in THM in samples B4 and B5 (Figs. 5 and 6 and Table 2). This is due to the natural physi-
cal concentration of the Mediterranean current. The beach sand samples have more monazite mineral content
(~0.024%) than the sand dune samples (~0.007%) (Table 2). So, monazite is responsible for the radioactivity of
the study area. The ESEM data of monazite grains (Fig. S9) reveal that the Th oxide content varies from 10.14
to 12.67, with a mean of 11.23, while the U oxide content ranges between 1.77 and 2.67%, averaging 2.15%. The
high Th content along the El-Arish beach is due to its high monazite content, containing 7.92% ThO,%-%2. The
mineralogical concentration data shows the enrichment of monazite over thorite; thus, the radioactivity of the
studied area is related to monazite rather than thorite. The ESEM data for the monazite grains display Th and U
content, indicating that radioactivity is mainly related to thorium rather than uranium. Furthermore, the min-
eralogical concentration data from THM, especially monazite and thorite, is compatible with the radioactivity
data in the next section. Moreover, according to Fig. S9b, d, and f, monazite grains contain about 60% of REE,
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Figure 7. Pie diagram illustrates the frequency % of each individual heavy mineral relative to total economic
heavy minerals (TEHM) for (a) sand dune and (b) beach sand.

with remarkable dominance of the lightest four elements (La, Ce, Pr, and Nd), which make up more than 80%
of the total REE. The abundance of LREE is as follows: Ce>La>Nd>Pr>Sm. According to Elsner,' there is an
increase in LREE in monazites in the series grading from granite-pegmatites to granites to alkaline rocks and
finally to carbonatites. Consequently, the studied monazite is probably derived from granites in alkaline rocks.

Rutile (TiO,). Rutile occurs in forms are prismatic red and black, rounded, yellow, deep blood red, and black
(Fig. S10a). The chevron (elbow) rutile variety is common. Rounded rutile grains indicate recycled sedimentary
source rock.*® The main paramagnetic rutile grains were separated at a magnetic field strength of 1.5A, and the
rest diamagnetic rutile was concentrated in nonmagnetic field strength of 1.5A. The opaque variety is frequent
in the highly magnetic group, while yellowish and reddish (translucent) rutile is more numerous in the non-
magnetic group. Fe-Ti minerals such as magnetite, ilmenite, and rutile came from the volcanic rocks on the
Ethiopian plateau, transported by the Nile River.® In terms of TiO,%, the studied rutile is classified into two
types: high-grade rutile with TiO, ~ 95 wt% (Fig. S10c, d) and low-grade rutile with TiO, ~ 88 wt % (Fig. S10b).
In the studied area, the average rutile content is 0.086% in the beach samples and 0.060% in the dune samples.

Titanite (Sphene) CaTiSiOs.  Titanite was recorded in all samples. Its color varies from yellowish to brownish-
yellow with a vitreous luster (Fig. S11a). Titanite mineral grains are subhedral to anhedral with a sphenoid habit
and are twined (Fig. S11 a, b, ¢). Titanite was separated into groups with magnetic field strengths of 1.0A and
0.5A (less common). EDX microanalysis data of the titanite grains are shown in Fig. S11b, ¢, displaying relatively
high content in iron oxide: this causes a brownish color. In addition, no significant role was played by titanite in
the radioactivity of the studied area. The mean content of titanite is 0.006% in the dune samples and 0.005% in
the beach sand samples (Table 2).
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Elevation of sand dune

High elevation (about 5- 48 m)

Low elevation( 5- 25 m);>"

Grain size

Fine to very fine

medium to fine!"!

Type of dune

Longtudinal type is the most dominant?

barchan type is the most dominant

Geological source of dune

there are two sources 1- Nile delta through anceient branches of Nile River 2- Wadi El-Arish as minor

One source; Nile River”!!

contributor®
Radioactivity
uranium (eU) ppm 0.5 to 4 ppm 3 to 7 ppm*2¢¥7
Thorium (eTh)ppm 0.5 to 14 ppm 8 to 25 ppm;>*°
16.6% east Roseta area;’
. 2.6% for sand dune o . 2
Total heavy minerals(THM) 4.4% for beach sand 8.7% Dameitta area

3.5%West El Burullus area'?

Table 3. comparison between the important parameters of various Egyptian black sand localities.

Egypt (East El-Arish) | 57-59 | Coast sediments The present study
Egypt (East Roseta) 47 Sand dunes 16

Egypt (Roseta) 49 Sand dunes 7

India 60-66 | Beach sand 3

India 52-54 | Coast sediments sediments sediments | ***°

Bangladesh 49-51 | Sand deposits 3

Table 4. TiO,% in ilmenite of different localities and provenances.

Zr 66.37 | 68.82 70.62 74.99 66.63 66.19 71.87 67.46 50.48
Si 2386 | 19.98 21.19 16.97 22.49 21.93 21.07 19.70 22.44
Al 1.85 0.84 1.51 1.80 0.71 1.05 1.08 0.97 2.16
U 1.08 | 255 0.00 0.00 0.00 0.00 0.56 0.00 2.50
Th 0.00 | 168 1.26 1.24 3.56 317 0.00 3.52 3.96
Ca 022 | 136 0.96 0.94 1.19 118 0.77 1.86 3.82
Fe 0.78 0.79 0.39 0.61 1.27 1.65 1.24 1.50 10.31
Hf 585 | 3.99 4.08 344 415 483 341 5.01 432
Total 100.00 | 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Zr/Hf 1134 | 17.24 17.30 21.79 16.05 13.70 21.07 13.46 11.68
Table 5. EDX microanalysis data of zircon (carbon and oxygen are excluded).
Si0, 3398 |3320 |37.82 | 3441 |3325 |31.35 |3635
ALO;  [2031 |19.46 | 1958 |20.49 |19.97 |17.18 |21.16
Fe,0,  |3477 |36.19 |3141 |33.98 |39.52 |2356 |14.47
MgO 591 | 3.02 | 867 | 0.00 | 000 | 166 | 2.64
Ca0 372 | 277 | 218 | 251 | 3.66 | 815 | 147
MnO 1.31 536 | 0.00 | 4.36 3.59 | 17.35 |23.90
K,0 0.00 | 0.00 | 034 | 053 | 0.00 | 075 | 0.00
Table 6. EDX microanalysis data of garnet.
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Accessory minerals.  Thorite (ThSiO,). Thorite is associated with xenotime, zircon, sphene, monazite, and
allanite. Thorite’s color is mostly opaque brownish to reddish-brown (Fig. S12a): it has opaque red grains (Fig.
S12c¢) and non-opaque reddish honey grains (Fig. S12e). EDX microanalysis data (Fig. S13b, d, f) shows that
thorite grains contain a Th oxide content ranging from 62.3 to 66.54, averaging 64.02, while U oxide content
ranges between 2.27 and 12.49%, averaging 6.79%. Moreover, opaque thorite (Fig. S12¢, d) is more uraniferous
(U oxide =12.49 wt%) than non-opaque thorite (Fig. S12a, b, e, f). Additionally, the distribution of eTh in ppm
in the study area (Fig. 8b) seems to be controlled by monazite and thorite.

Apatite (Cas(PO,);(ECL,OH)). Apatite in the studied sediments is relatively absent compared to other heavy
minerals. The most frequent apatite grains are extensively rounded, egg-shaped, or spherical and exhibit vari-
ous colors ranging from black and greyish-black (Fig. S13a) to dark brown (Fig. S13b), orange (Fig. S13c), dark
yellow (Fig. S13d), light yellow (Fig. S13e), and colorless (Fig. S13f.). This diversity of colors is probably due to
the presence of ferric or ferrous iron and other trace elements. From the results of this work, we can conclude
that rounded apatite grains (Fig. S13) in the sedimentary record®**>** are likely to have undergone polycyclic
reworking over several sedimentary cycles and during aeolian transport. EDX microanalysis (Fig. S13g—j) shows
a relatively low U and Th value compared to other recorded radioactive minerals, such as monazite and thorite.

Xenotime (YPO,). The major component of xenotime is yttrium orthophosphate (YPO4), which occurs as
yellowish translucent brown grains (Fig. S14a). It is a soft mineral (Mohs hardness 4.5), with a specific density
ranging from 4.4 to 5.1 g/cm’. Its luster, which may be vitreous to resinous, together with its crystal system, may
lead to confusion with zircon. However, the cleavage (which is perfect in two prismatic directions) and softness
of xenotime are sufficient to distinguish it. A few grains of xenotime were found amidst the heavy minerals. The
EDX and BSE microanalyses are graphically represented in Fig. S14b.

Reserve estimation of the economic heavy minerals. 'The volume of raw sand in the studied area is calculated
by multiplying the length, width, and depth of the sediments. The tonnage of the raw sand of these sediments
is calculated by multiplying the volume of the raw sand by the specific density of the sediments, as shown in
Table 7. The tonnage of total economic minerals was calculated by multiplying the tonnage of the raw sand (ton)
by the average calculated weight percentage of the total economic minerals (Table 8). The tonnage of individual
economic minerals was calculated by multiplying the tonnage of the raw sand per ton average and the calculated
weight percentage of individual economic minerals divided by 100 (Table 9).

Radioactivity of the studied samples. The natural radioactivity in the studied sand dune and beach
sand samples is based on the three main naturally occurring radioactive elements: U, Th, and K. Radiometric
measurements for eU, eTh, and K were carried out using a Bicron-scintillation Nal (T1) detector connected to
a multichannel analyzer. The distribution values of eU (ppm), eTh (ppm), and K% were graphically plotted as
contour maps (Fig. 8a, b, ¢, respectively).

The radioactivity data indicates that the beach sand samples are more radioactive than the sand dune samples,
especially in the eastern direction, as represented by samples 4 and 5. The eU values (Fig. 8a) and eTh values
(Fig. 8b) of beach sand reach 4 and 15 ppm, respectively. K content was almost uniformly distributed throughout
the study area, as shown in Fig. 8c.

1. The mineralogical investigation of the studied area explains the generally marked enrichment of total heavy
minerals in beach sand, with an exceptional increase of THM in samples B4 and B5 (Figs. 6, 7 and Table 1).
Thus, the beach sand samples have higher levels of monazite, zircon, and thorite, which are considered the
main source of radioactivity in the studied area.

2. ESEM data revealed that:

3. Zircon grains (Fig. S5 and Table 5) have Th oxide content varying from nil to 3.96%, with a mean of 2.04%,
while U oxide content ranges between nil and 2.50%, averaging 0.74%.

4. Monazite grains (Fig. $9) have Th oxide content varying from 10.14 to 12.67%, with a mean of 11.23%, while
U oxide content ranges between 1.77 and 2.67%, averaging 2.15%.

5. Thorite grains (Fig. S12) have Th oxide content ranging from 62.3 to 66.54%, averaging 64.02%, while U
oxide content ranges between 2.27 and 12.49%, averaging 6.79%.

Consequently, the radioactivity of the studied area is related to monazite and zircon rather than thorite.
Monazite grains contain Th and U, which indicates that radioactivity is mainly related to thorium rather than
uranium. Finally, the mineralogical evaluation data of THM, especially monazite and thorite, are compatible
with the radioactivity data.

Conclusion

Egyptian beach black sands and sand dune deposits are discontinuously distributed along the Mediterranean
coast, including the El-Arish coastal area in north Sinai, Egypt. Several drill hole samples have been used to
represent the main two geomorphologic units in the studied area: beach sand and sand dunes. These samples
were homogeneously mixed and collected to give one composite sample for the individual wells. The separation
of total heavy minerals using heavy liquid and electromagnetic techniques was conducted. The study focuses on
minerals with the highest economic value (total economic heavy minerals, TEHM), such as ilmenite, leucoxene,
magnetite, garnet, zircon, rutile, monazite, and titanite. Those minerals with low economic value, namely green
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Figure. 8. show: (a) eU distribution contour map, (b) eTh distribution contour map and (c) K % distribution
contour map.Map was created by Surfer Software 13.6 (2016) https://www.goldensoftware.com/products/surfer.

Sand dune 10,500 x 2500 x 25 =656,250,000 1.56 1,023,750,000
Beach 10,500 x4 x 6=252,000 1.58 398,160

Table 7. The tonnage of the raw sand of the studied area.
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The average weight percent of total The average reserve of total economic
Tonnage of the raw Sand (ton) | economic heavy minerals minerals (ton)
Sand dune 1,023,750,000 1915 19,604,812
Beach 398,160 3.943 15,699

Table 8. The tonnage of total economic minerals in the studied area.

Sand dune Beach

Economic heavy minerals Economic heavy minerals
Economic heavy mineral | % The average reserve(ton) | % The average reserve(ton)
Magnetite 0.058 593,774.98 0.112 445.93
IImenite 1.341 13,728,487.15 2.526 10,057.23
Leucoxene 0.073 747,337.48 0.063 250.83
Rutile 0.060 614,249.98 0.086 342.41
Zircon 0.203 2,078,212.45 0.410 1,632.41
Monazite 0.007 71,662.50 0.024 95.56
Titanite 0.006 61,425.00 0.005 19.91
Garnet 0.167 1,709,662.46 0.716 2,850.74

Table 9. The tonnage of individual economic mineral in the studied area.

silicates (amphiboles, pyroxene, mica, and others), were discarded. The natural physical concentration of the
Mediterranean current is responsible for the high concentration of THM in the beach sand. The mean THM of
beach sand is 4.5% and 2.61% for sand dunes. For all samples, opaque minerals, especially ilmenite, magnetite,
and leucoxene, made up to ~70% of the economic heavy mineral content. There is wider variation in the non-
opaque minerals, dominated by garnet, zircon, rutile, apatite, and titanite monazite, among others. Mineralogical
examinations were performed with ESEM, identifying more radioactive minerals, such as monazite and zircon.
The ESEM analyses of monazite indicate that the Th and U content, averaging at 11.24% and 2.17%, are the main
minerals responsible for radioactivity in the studied area. Additionally, no significant role was played by opaque
minerals in the radioactivity. We have summarized the use of studying heavy minerals and have provided prov-
enance interpretations. The total reserve per ton for each economic heavy mineral was calculated. The highest
value is related to ilmenite: 13,728,487.15 tons of sand dunes and 10,057.23 tons of beach sand. The lowest value
is related to titanite: 61,425 tons of sand dunes and 19.91 tons of beach sand.

Data availability
The authors declare that all data supporting the findings of this study are available within the paper and the
Supplementary Information.

Received: 23 May 2022; Accepted: 11 March 2023
Published online: 21 March 2023

References
1. Elsener, H. Heavy metal economic important (BGR, 2010).
2. Force, E. R, Butler, R. E, Reynolds, R. L. & Houston, R. S. Magnetic ilmenite-hematite detritus in Mesozoic-Tertiary placer and
sandstone-hosted uranium deposits of the Rocky Mountains. Econ. Geol. 96, 1445-1453 (2001).
3. Dillenburg, S. R., Tomazelli, L. J. & Barboza, E. G. Barrier evolution and placer formation at Bujuru southern Brazil. Mar. Geol.
203, 43-56 (2004).
4. Hou, B. et al. Heavy mineral sands in the eucla basin, Southern Australia: Deposition and province-scale prospectivity. Econ. Geol.
106, 687-712 (2011).
5. Roy, P. S. & Whitehouse, J. Changing Pliocene sea levels and the formation of heavy minerals beach placers in the Murray Basin.
Southeastern Australia. Econ. Geol. 98, 975-983 (2003).
6. Gujar, A. R., Ambre, N. V,, Mislankar, P. G. & Iyer, S. D. Ilmenite, magnetite and chromite beach placers from south maharashtra,
central west coast of India. Resour. Geol. 60, 71-86 (2010).
7. Moustafa, M. L. & Abdelfattah, N. A. Physical and chemical beneficiation of the Egyptian beach monazite. Resour. Geol. 60, 288-299
(2010).
8. El-Kammar, A., Moustafa, M. & Ragab, A. Geochemistry of economic heavy minerals from Rosetta black sand of Egypt. J. King
Abdulaziz Univ. Sci. 22, 69-97 (2010).
9. Barakat, M.G. Evaluation and mineralogy of beach economic minerals especially ilmenite for the top meter in the Egyptian black
sand, east Rosetta, Egypt. Ph. D. Thesis, Fac. Sci. Zagazig university, Egypt, 284 p (2016).
10. Ali, E., Xu, W. & Ding, X. Improved optical image matching time series inversion approach for monitoring dune migration in
North Sinai Sand Sea: Algorithm procedure, application, and validation. ISPRS J. Photogramm. Remote Sens. 164, 106-124 (2020).
11. ElHadary, A. F. Geological, Sedimentological and Radiometric Studies on the Black Sand Deposits, West Rosetta Beach with Emphasis
on the Heavy Economic Minerals, Egypt (Cairo University, UK, 1998).
12. El Azab, A., E1 Alfi, S. M. & Ali, H. H. Economic heavy minerals evaluation of damietta harbor channel sediments, Egypt. J. Sedi-
mentol. Soc. Egypt 24, 43-63 (2019).

Scientific Reports |

(2023) 13:4608 | https://doi.org/10.1038/s41598-023-31440-y nature portfolio



www.nature.com/scientificreports/

13. El Alfi, S. M. Inferred resources of heavy economic minerals in West El Burullus area, Egypt. J. Sedimentol. Soc. Egypt 24, 129-147
(2019).

14. El-Gamal, A. & Saleh, I. H. Radiological and mineralogical investigation of accretion and erosion coastal sediments in Nile Delta
region, Egypt. J. Oceanogr. Mar. Sci. 3, 41-55 (2012).

15. Dabbour, G. A. Mineralogical study on the opaque minerals and secondary rutile from the Egyptian black sands. Proc. Egypt.
Acad. Sci. 47,105-121 (1997).

16. Abdel-Karim, A. M., Zaid, S. M., Moustafa, M. I. & Barakat, M. G. Mineralogy, chemistry and radioactivity of the heavy minerals
in the black sands, along the northern coast of Egypt. J. African Earth Sci. 123, 10-20. https://doi.org/10.1016/j.jafrearsci.2016.07.
005 (2016).

17. Bubenzer, O., Embabi, N. S. & Ashour, M. M. Sand seas and dune fields of Egypt. Geosciences 10, 101 (2020).

18. Roskin, J., Tsoar, H., Porat, N. & Blumberg, D. G. Palaeoclimate interpretations of Late Pleistocene vegetated linear dune mobiliza-
tion episodes: Evidence from the northwestern Negev dunefield, Israel. Quat. Sci. Rev. 30, 3364-3380 (2011).

19. Mubhs, D. R. et al. Origin of the Sinai-Negev erg, Egypt and Israel: mineralogical and geochemical evidence for the importance of
the Nile and sea level history. Quat. Sci. Rev. 69, 28-48. https://doi.org/10.1016/j.quascirev.2013.02.022 (2013).

20. Tsoar, H. Desert dunes morphology and dynamics, El Arish (northern Sinai). Zeitschrift fiir Geomorphologie 20, 41-61 (1974).

21. Greely, R. & Iversen, J. D. Wind as a Geological Process on Earth, Mars, Venus and Titan. Cambridge Planetary Science Series Vol.
4, 333 (Cambridge University Press, 1985).

22. Summerfield, M. A. Global geomorphology; an introduction to the study of landforms (Longman Sci. and Technical. John Wiley &
Sons Inc, 1991).

23. Folk, R. L. Petrology of sedimentary rocks (Univ. Texas, 1980).

24. Flinter, B. H. A magnetic separation of some alluvial minerals in Malaya. Amer. Min. 44, 7-8 (1955).

25. Miiller, G. Methods in Sedimentary Petrology (E. Schweizerbart, 1967).

26. Abu-Diab, A.A. 2008. Characters and distribution of the economic minerals in the black sand deposits of the coastal area, west
El-Burullus, Egypt and their sedimentation condition. Ph.D. Thesis, Fac. Sci., Ain Shams Univ.

27. El-Shafey, A,M., 2016. Upgrading and mineralogical studies for some Economic and nuclear Elements Bearing Minerals of Rosetta
black deposits, Egypt, with especial emphasis on Monazite, PhD thesis, Zagazig Univ. Cairo, Egypt.

28. Nadoll, P,, Angerer, T., Mauk, J. L., French, D. & Walshe, J. The chemistry of hydrothermal magnetite: A review. Ore Geol. Rev. 61,
1-32 (2014).

29. Knipping, J. L. et al. Trace elements in magnetite from massive iron oxide-apatite deposits indicate a combined formation by
igneous and magmatic-hydrothermal processes. Geochim. Cosmochim. Acta 171, 15-38 (2015).

30. Grigsby, J. D. Chemical fingerprinting in detrital ilmenite: A viable alternative in provenance research. J. Sedim. Petrol. 62, 331-337
(1992).

31. Garnar, T. E. Heavy minerals industry of North America. Proc. 4th Ind Miner Int. Congr. Atlanta 13, 29-42 (1980).

32. Deer, W. A, Howie, R. A. & Zussman, J. An Introduction to the Rock-Forming Minerals 2nd edn, 696 (Longman, 1992). https://doi.
org/10.1180/DHZ.

33. Rejith, R. G., Sundararajan, M., Peer Mohamed, A. & Satyanarayanan, M. Raman-XPS spectroscopy, REE chemistry, and surface
morphology of Fe-Ti oxide heavy mineral sands: A case study from Varkala-Kovalam coast, south-west India. Appl. Earth Sci.
130(3), 161-173. https://doi.org/10.1080/25726838.2021.1911584 (2021).

34. Nallusamy, B., Babu, S. & Suresh-Babu, D. S. Heavy mineral distribution and characterisation of ilmenite of Kayamkulam-
Thothapally barrier island, southwest coast of India. J. Geol. Soc. India. 81, 129-140. https://doi.org/10.1007/s12594-013-0012-z
(2013).

35. Rao, D. S, Vijaya Kumar, T. V., Subba Rao, S., Bhaskar Raju, G. & Prabhakar, S. Alteration characteristics of Manavalakurichi beach
placer ilmenite, Tamilnadu. J. Appl. Geochem. 7, 195-200 (2005).

36. Rahman, M. J. J., Pownceby, M. I. & Rana, M. S. Occurrence and distribution of valuable heavy minerals in sand deposits of the
Jamuna River, Bangladesh. Ore Geol Rev 116, 103273 https://doi.org/10.1016/j.oregeorev.2019.103273 (2020).

37. Poldervart, A. Zircon in sedimentary rocks. Am. J. Sci. 433, 461p (1955).

38. Poldervart, A. Zircon in igneous rocks. Am. J. Sci. 254, 554p (1956).

39. Saxena, S. K. Evaluation of zircon in sedimentary and metamorphic rocks. J. Sed. 2, 33p (1966).

40. Zhong, S., Feng, C., Seltmann, R., Li, D. & Qu, H. Can magmatic zircon be distinguished from hydrothermal zircon by trace ele-
ment composition? The effect of mineral inclusions on zircon trace element composition. Lithos 314-315, 646-657 (2018).

41. Li, Q, Sun, X,, Lu, Y., Wang, F. & Hao, J. Apatite and zircon compositions for Miocene mineralizing and barren intrusions in the
Gangdese porphyry copper belt of southern Tibet: Implication for ore control. Ore Geol. Rev. 139, 104474 (2021).

42. Liu, H. et al. Zircon isotope-trace element compositions track Paleozoic-Mesozoic slab dynamics and terrane accretion in Southeast
Asia. Earth Planet. Sci. Lett. 578, 117298 (2022).

43. Garver, J. I. & Kamp, P. ]. ]. Integration of zircon color and zircon fission-track zonation patterns in orogenic belts: Application to
the Southern Alps, New Zealznd. Tectonophysics 349, 203-219 (2002).

44. Lamardo, C. N. et al. Morphology and composition of zircons in rare metal granites from Brazilian tin provinces. J. South Am.
Earth Sci. 84, 1-15 (2018).

45. Gudelius, D., Zeh, A. & Wilson, A. H. Zircon formation in mafic and felsic rocks of the Bushveld Complex, South Africa: Con-
straints from composition, zoning, Th/U ratios, morphology, and modelling. Chem. Geol. 546, 119647 (2020).

46. El-Kammar, A., Abu-Zied, H. T., Galal, M. & Osman, D. Composition, radioactivity, and possible applications of kaolin deposits
of Sinai, Egypt. Arab. J. Geosci. 10, 1-19 (2017).

47. Li, Y. et al. New evidence for the provenance and formation of loess deposits in the Ili River Basin. Arid Central Asia. Aeolian Res.
35, 1-8 (2018).

48. Tao, H. et al. Geochemistry and petrography of the sediments from the marginal areas of Qinghai Lake, Northern Tibet Plateau,
China: Implications for weathering and provenance. Front. Earth Sci. 9, 1-12 (2021).

49. Taylor, S. R. The application of trace element data to problem in petrology, physics and chemistry of the earth. Prog. Ser. 6, 133-213
(1965).

50. Mange, M. A. & Maurer, H. E. W. Heavy minerals in colour. Heavy Miner. Colour https://doi.org/10.1007/978-94-011-2308-2 (1992).

51. Nickel, E. H. & Nichols, M. C. IMA/CNMNC List of Mineral Names (International Mineralogical Association, 2009).

52. Copjakova, R., Sulovsky, P. & Paterson, B. A. Major and trace elements in pyrope-almandine garnets as sediment provenance
indicators ofthe Lower Carboniferous Culm sediments, Drahany Uplands. Bohemian Massif Renata. Lithos 82, 51-70 (2005).

53. Mange, M. A. & Morton, A. C. Geochemistry of heavy minerals. Dev. Sedimentol. 58, 345-391 (2007).

54. Jian, X. et al. Provenance of Tertiary sandstone in the northern Qaidam basin, northeastern Tibetan Plateau: Integration of frame-
work petrography, heavy mineral analysis and mineral chemistry. Sedim. Geol. 290, 109-125 (2013).

55. Hietpas, J., Samson, S., Speir, J. & Moecher, D. Assessing detrital garnet chemical composition as a quantitative provenance tool:
A multivariate statistical approach. J. Sedim. Res. 83, 1181-1197 (2013).

56. Tolosana-Delgado, R., von Eynatten, H., Krippner, A. & Meinhold, G. A multivariate discrimination scheme of detrital garnet
chemistry for use in sedimentary provenance analysis. Sedim. Geol. 375, 14-26 (2018).

Scientific Reports | (2023) 13:4608 | https://doi.org/10.1038/s41598-023-31440-y nature portfolio


https://doi.org/10.1016/j.jafrearsci.2016.07.005
https://doi.org/10.1016/j.jafrearsci.2016.07.005
https://doi.org/10.1016/j.quascirev.2013.02.022
https://doi.org/10.1180/DHZ
https://doi.org/10.1180/DHZ
https://doi.org/10.1080/25726838.2021.1911584
https://doi.org/10.1007/s12594-013-0012-z
https://doi.org/10.1016/j.oregeorev.2019.103273
https://doi.org/10.1007/978-94-011-2308-2

www.nature.com/scientificreports/

57. Lenaz, D., Mazzoli, C., Velicogna, M. & Princivalle, F. Trace and Rare Earth Elements chemistry of detrital garnets in the SE Alps
and Outer Dinarides flysch basins: An important tool to better define the source areas of sandstones. Mar. Pet. Geol. 98, 653-661
(2018).

58. Hong, D., Jian, X., Fu, L. & Zhang, W. Garnet trace element geochemistry as a sediment provenance indicator: An example from
the Qaidam basin, northern Tibet. Mar. Pet. Geol. 116, 104316 (2020).

59. Schoénig, J., Meinhold, G., von Eynatten, H. & Liinsdorf, N. K. Provenance information recorded by mineral inclusions in detrital
garnet. Sedim. Geol. 376, 32-49 (2018).

60. Aziz, A, Sief, R., Ghieth, B. & Kaiser, M. Black sand deposits;their spatial distribution and hazards along the northern coast of
Sinai Peninsula. Egypt. J. Appl. Geophys. 183, 104219. https://doi.org/10.1016/j.jappgeo.2020.104219 (2020).

61. El-Nahas, H.A. (2002): Mineralogy, evaluation and upgrading studies on some economic minerals in beach black sands. EI Arish
area, Egypt. M.Sc. Thesis, Fac. Sci., El Minufiya Univ., Egypt, 162 p.

62. Awad, M. et al. Radioactive risk assessment of beach sand along the coastline of Mediterranean Sea at El-Arish area, North Sinai,
Egypt. Mar. Pollut. Bull 177, 113494 https://doi.org/10.1016/j.marpolbul.2022.113494 (2022).

63. Zoleikhaei, Y., Amini, A. & Zamanzadeh, S. M. Integrated provenance analysis of Zakeen (Devonian) and Faraghan (early Permian)
sandstones in the Zagros belt, SW Iran. J. African Earth Sci. 101, 148-161 (2015).

64. El-Kammar, A, El-Sankary, M., El-Azab, A. & Awad, M. Composition and radioactivity of Oligocene fossil bones and their country
rocks in Gabal Qatrani, Fayoum. Egypt. Arab. J. Geosci. 13, 1-13 (2020).

Author contributions

M.A. and A.M.E.M.: Conceptualization, sample preparation, counting minerals, data curation, formal analy-
sis, investigation, methodology, software, visualization, writing—original draft, writing—review and editing.
S.M.E.A. and H.H.A.: Mineral sepraration processes, provided research materials, conceptualization, data cura-
tion, formal analysis, lab work, investigation, validation. M.L.S. and M.Y.H.: Investigation, validation, visualiza-
tion, supervision, conceptualization, data curation, formal analysis, investigation, methodology, software, valida-
tion, visualization, writing—original draft, writing—review and editing. All authors reviewed the manuscript.

Funding
Open access funding provided by The Science, Technology & Innovation Funding Authority (STDF) in coopera-
tion with The Egyptian Knowledge Bank (EKB).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-31440-y.

Correspondence and requests for materials should be addressed to M.A.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:4608 | https://doi.org/10.1038/s41598-023-31440-y nature portfolio


https://doi.org/10.1016/j.jappgeo.2020.104219
https://doi.org/10.1016/j.marpolbul.2022.113494
https://doi.org/10.1038/s41598-023-31440-y
https://doi.org/10.1038/s41598-023-31440-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Separation, reserve estimation and radioactivity responsibility of the economic heavy minerals of East El- Arish black sand, North Sinai, Egypt
	Geomorphology of the study area
	Coastal sand dune. 
	Beach sand. 

	Materials and method
	Sampling and techniques. 

	Results and discussion
	Opaque minerals. 
	Magnetite Fe2+Fe3+2O4. 
	Ilmenite (FeTiO3). 
	Leucoxene (altered ilmenite FeTiO3). 

	Non-opaque minerals. 
	Zircon (ZrSiO4). 
	Garnet (Mg,Fe2+,Mn,Ca)3(Al,Cr,Ti,Fe3+)2Si3O12. 
	Monazite (Ce, La, Nd, Th, Y)PO4. 
	Rutile (TiO2). 
	Titanite (Sphene) CaTiSiO5. 

	Accessory minerals. 
	Thorite (ThSiO4). 
	Apatite (Ca5(PO4)3(F,Cl,OH)). 
	Xenotime (YPO4). 
	Reserve estimation of the economic heavy minerals. 

	Radioactivity of the studied samples. 

	Conclusion
	References


