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 In response to rising global demand for critical minerals and the need for 
environmentally responsible resource utilization, this study explores sustainable 
recovery methods from low-grade placer deposits in the Wadi Rahba area along the 
Southern Coast of the Red Sea of Egypt. The focus is on the beneficiation of ilmenite 
and titanite as primary valuable minerals. Twenty-eight samples, including a composite 
technology sample, were analysed using XRD, SEM-EDX, and ED-XRF techniques. 
Results indicate that total heavy mineral (THM) content ranges from 4.5% to 17.7%, 
averaging approximately 10%, with 11% in the composite sample. Identified valuable 
minerals include titanite, ilmenite, leucoxene, zircon, magnetite, and rutile, alongside 
high concentrations of heavy silicate minerals such as epidote, pyroxene, and 
amphiboles. Estimated contents are 0.44 wt.% titanite, 0.15 wt.% ilmenite, and trace 
amounts of zircon (0.04 wt.%), spessartine (0.01wt.%), and magnetite (0.29 wt.%). To 
enhance recovery, a combination of gravity separation (Wilfley shaking table) and 
magnetic separation techniques (LIMS and HIMS) were applied. These methods 
effectively concentrated titanite and ilmenite, achieving recovery rates of 85.08% and 
79%, respectively. The findings highlight the potential for economically viable 
extraction from low-grade sources using environmentally sustainable physical 
upgrading techniques. 
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1. Introduction 

Low-grade placer deposits are becoming 
increasingly important due to rising demand for 
valuable minerals like gold, ilmenite, zircon, 
titanite, and rutile. These minerals are essential in 
high-tech industries, including electronics, 
aerospace, and renewable energy. As high-grade 
deposits are depleted, attention is shifting to lower-
grade ones, which often more accessible and 
economically viable due to advancements in 
extraction technologies [1–3]. Physical 

beneficiation techniques like gravity and magnetic 
separation have improved mineral recovery, 
helping meet global supply needs while easing 
pressure on traditional mining operations [4–5]. 
Titanite and ilmenite are common in placer 
deposits due to their resistance to weathering. 
Titanite (CaTiSiO₅) contains titanium and rare 
earth elements, making it valuable for producing 
titanium dioxide pigments used in paints, plastics, 
and paper [6]. Ilmenite (FeTiO3) is a primary 
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source of titanium, crucial for manufacturing 
titanium metal and titanium dioxide, which widely 
used in aerospace and automotive industries [6]. 
In Egypt, placer deposits are found along the Nile 
River, the Mediterranean coast, and the Red Sea 
coast [7–14]. These deposits originate from the 
weathering and transport of mineral-rich parent 
rocks, containing ilmenite, zircon, rutile, titanite, 
magnetite, garnet, and leucoxene. Extracting 
titanite and ilmenite from Egyptian placer deposits 
has significant economic potential. Egypt’s 
strategic location and rich geology make it an ideal 
mining site. The growing global demand for 
titanium—projected to rise from $330.8 billion in 
2023 to $416.9 billion by 2030 (CAGR 3.4%)—
further highlights the importance of these resources 
[15]. Developing these deposits can support 
sustainable resource use while protecting the 
environment. 
To separate titanite and ilmenite, physical 
beneficiation techniques such as gravity, magnetic, 
electrostatic, and flotation separation are 
commonly used. Gravity separation (using shaking 
tables or spirals) exploits density differences 
between heavy minerals and lighter gangue [16–
19] and [13,14]. Magnetic separation distinguishes 
ilmenite from non-magnetic minerals like titanite 
[20–23] and [11,12]. Electrostatic separation 
utilizes conductivity differences to enhance 
mineral separation [23]. Flotation is also widely 
employed in mineral beneficiation, leveraging 
differences in surface chemistry to selectively 
separate titanite and ilmenite under controlled pH 
and reagent regimes. This technique is particularly 
effective for the processing of minerals that are 
liberated at fine particle sizes, where conventional 
gravity or magnetic methods may be less efficient 
[24–28]. These physical techniques allow high 
recovery rates and high-purity products for 
industrial use while being environmentally 
friendly. Since they do not require harmful 
chemicals, they minimize pollution and ecosystem 
contamination. Additionally, they have less impact 
on water and soil compared to chemical or 
hydrometallurgical processes [29–31].  
This study presents an approach to valorising low-
grade stream sediment deposits from the Wadi 
Rahba area by integrating optimized physical 
beneficiation techniques—gravity and magnetic 
separation—to selectively recover valuable 
minerals, specifically ilmenite and titanite. Unlike 
conventional studies that focus on high-grade 
sources or rely on chemically intensive methods, 
this research demonstrates that environmentally 
sustainable, cost-effective physical methods can 

yield high recovery rates (85.08% for titanite and 
79% for ilmenite) even from marginal placer 
resources. The innovation lies in the strategic 
processing of fine-grained, mineralogically 
complex material through tailored separation 
parameters, establishing a scalable model for the 
sustainable exploitation of underutilized 
sedimentary deposits. 

2. Sampling and Methodology 
2.1. Sample locations  

In this work, systematic sampling was conducted at 
28 points along the middle of Wadi Rahba, a region 
extending in a northwest-southeast direction 
parallel to the Red Sea coast. The studied area is 
situated between latitudes 23°10' and 23°30' N and 
longitudes 35°10' and 35°35' E (Figure 1). 
This region is characterized by a diverse range of 
rock units spanning from the Precambrian to the 
Quaternary (Figure 2). The exposed Precambrian 
basement rocks in Wadi Rahba are part of the Pan-
African belt within the Arabian Nubian Shield, 
with gneisses being the oldest rock type found in 
the northwestern section of the mapped area. These 
gneisses include three main varieties: biotite 
gneisses, biotite-hornblende gneisses, and 
hornblende gneisses, providing insights into the 
geological history of the region [32–33]. 
Ophiolites, metavolcanics, older granites, tonalites, 
granodiorites, monzogranites, and alkali feldspar 
granites are also recorded in the study area [34]. In 
contrast, the Quaternary deposits represent the 
more recent geological formations in Wadi Rahba, 
dating from the Pleistocene to the present (Figure 
2). These deposits vary in thickness from 2 to 20 
meters, generally increasing towards the Red Sea 
coast [35]. Composed primarily of beach sand and 
gravel terraces, the Quaternary deposits also 
include rock fragments derived from the 
underlying basement rocks. This mixture of 
sedimentary materials highlights the dynamic 
geological processes that play in the area and 
underscores the potential for valuable mineral 
resources, including titanite and ilmenite, within 
these placer deposits [36–37]. The Samples were 
collected from excavated pits and were taken by 
applying an auger sampler, each approximately 50 
cm in diameter and 70 to 100 cm deep, spaced at 
intervals of 1 to 3.5 kilometres (Figure 1). 

2.2. Spatial interpolation methods 

According to Figure 1, there is a limited number of 
sample points covering the study area. Therefore, 
spatial interpolation methods are needed to create 
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detailed and continuous distribution maps by 
estimating (predicting) the missing values between 
the given data points. This study used Ordinary 
Kriging (OK) and Inverse Distance Weighting 
(IDW) methods to estimate mineral concentrations 
at unsampled locations from their neighbouring 
data points and create distribution maps. OK is a 
geostatistical interpolation technique that takes into 
consideration the distance and correlation between 
points and assumes a constant but unknown mean 
throughout the search area surrounding the point, 
while IDW is a deterministic interpolation 
technique that calculates the unknown values by 
assigning weights such that the nearby points 
are more heavily weighted based on their distance 
[38–42].  
OK is suitable for complex data structures and 
decreases the interpolation error based on the 
spatial correlation between data points. Whereas 
IDW is relatively fast, straightforward and simple 
to implement. Moreover, IDW produces smooth 
distribution maps. On the other hand, OK requires 
evaluating the semi-variogram model each time 
and choosing the appropriate one to 
achieve accurate results, while IDW is 
oversensitive to outliers.  

The accuracy of these methods was assessed by 
comparing measured and predicted values, using 
Mean Error (ME) to measure prediction bias 
(positive values indicate overestimated and 
negative values indicate underestimated) and Root 
Mean Square Error (RMSE) to evaluate precision 
and sensitivity. In addition to the output results 
from the semi-variogram model [40,42]. For 
improved performance, ME closer to 0 is desired, 
and a lower RMSE indicates better accuracy. 

2.3. Characterization methods  

Each sample from Wadi Rahba was initially mixed 
thoroughly and then split into representative sub-
samples for characterization tests, including grain 
size distribution analyses and total heavy minerals 
(THMs) assessment. A composite technology 
sample (tech. sample), weighing approximately 25 
kg, was created by thoroughly mixing equal 
portions of each individual sample to represent the 
area under investigation. Various characterization 
tests were performed on individual sampling points 
as well as on the technology sample, while physical 
upgrading processes were implemented on the 
technology sample only.  

 
Figure 1. Satellite image showing location and sampling points of Wadi Rahba area, southeastern Desert of 

Egypt. 
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Figure 2. Geological map of the Wadi Rahba area, southeastern Desert of Egypt (Modified after [43]) 

2.3.1. Grain size distribution analysis  

Initial analysis focused on grain size distribution, 
utilizing 250 g from each sampling point subjected 
to sieving through a series of ASTM standard 
sieves (2, 1, 0.5, 0.25, 0.125, and 0.063 mm) to 
distribute particles into gravel, very coarse sand, 
coarse sand, medium sand, fine sand, very fine 
sand, and mud sizes. To assess the THM content, 
heavy-liquid separation tests were conducted on a 
separate 100 g sample, using bromoform, which 
has a specific gravity of 2.89. This process allowed 
for the subsequent analysis of grain size 
distribution among the heavy minerals separated. 

2.3.2. Mineralogical and chemical 
characterization  

The mineralogical characterization of the obtained 
THMs was conducted using a combination of 
techniques, including an Olympus stereo binocular 
microscope, X-ray diffraction (XRD) Melvern 
Panalytical Empryan device model and identified 
phases according to PDF-2 cards release 2020, and 
environmental scanning electron microscopy 
(ESEM) equipped with energy dispersive 
spectrometry (EDS). Chemical assays for both the 
raw samples, technology sample and various 
magnetic fractions were performed with an energy-
dispersive X-ray fluorescence (ED-XRF) Rigaku 

spectrometer, employing polarized optics for 
enhanced accuracy. 

2.4. Physical beneficiation  

Wet-gravity separation was used to concentrate 
heavy minerals (THMs) from the Rahba placer 
deposits, employing Wilfley Shaking Table No. 13. 
The process began with an initial rougher stage, 
followed by two scavenging stages to recover more 
THMs and remove lighter silicate minerals. 

 Rougher Stage: Operated under controlled 
conditions with a feed rate of 134 g/min, water 
flow of 14 L/min, stroke length of 1.5 cm, and an 
inclination of 9°. 

 Scavenging Stages: Used more intense 
settings—140 g/min feed rate, 17.5 L/min water 
flow, 2 cm stroke length, and an 11° inclination—
due to the higher proportion of light minerals at 
this stage. 

After gravity separation, a 100 g sample from each 
fraction (concentrate and tailings) underwent 
heavy-liquid separation with bromoform to assess 
mineral content and material balance. 
Next, the total heavy mineral concentrate (THMC) 
was processed using magnetic separation: 

 Low-intensity magnetic separation (LIMS) 
removed magnetite. 
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 High-intensity magnetic separation (HIMS) via a 
Carpco model used to separate the remaining 
minerals: 

o 0.8A current separated ilmenite. 

o 3A current extracted non-magnetic titanite. 

Finally, a cleaning step on the shaking table 
removed any remaining silicate impurities, 
yielding a high-purity mineral concentrate. 

3. Results and Discussion 
3.1. Rahba sample characterization 

Grain size distribution, an essential physical 
parameter, was analyzed for 28 original samples 
and the technology sample. The results, 
summarized in Table 1, showed that the very coarse 
sand fraction was the most dominant, ranging from 
10.22% to 51.62%, with an average of 32%. In the 
technology sample, this fraction made up 34%. The 
silt fraction had the lowest values, ranging from 
0.04% to 5.68%, with an average of 2.26%, while 
the technology sample measured 2.17%. 
To determine the THM content, a heavy liquid 
separation test was conducted using bromoform 
(CHBr₃, specific gravity 2.89). After separation, 
the heavy and light mineral fractions were washed 
with acetone, dried, and weighed. The results, 
shown in Table 2, revealed that THM content 
ranged from 4.5% to 17.7%, averaging 10%, while 
the technology sample contained approximately 
11%. 
A spatial distribution map of THM content was 
generated using ArcGIS software (Figure 3). 
Interpolation methods, both geostatistical and 
deterministic, were applied to estimate metal 
concentrations at unsampled locations. This 
approach helps visualize mineral distribution 
across the region. 

Detailed THM size distribution analysis was 
performed for each sampling point and the 
technology sample (Table 2). The results showed 
that 93% to 98.6% of THMs were concentrated in 
the coarse sand to very fine sand size range. The 
silt fraction contained 1.32% to 6.92% of THMs. 
Notably, the very coarse sand fraction contained no 
heavy minerals. 
Figure 4 compares the grain size distribution of the 
technology sample with its THM distribution. The 
analysis confirmed that over 96% of THMs were 
found in sand fractions smaller than very coarse 
sand, with a significant increase in the fine and very 
fine sand fractions. The silt fraction contained 
about 3.4% of the heavy minerals. This distribution 
indicates high potential for efficient physical 
separation, as the sandy grains allow easier 
liberation and recovery of valuable minerals during 
processing. 

3.1.1. Heavy Mineral Characterization 

The heavy mineral grains were examined for 
physical characteristics, using a stereo-binocular 
microscope, followed by SEM-EDS for precise 
compositional data and XRD for crystalline 
structure identification. These combined 
techniques revealed a diverse and economically 
significant group of heavy minerals within Rahba 
low-grade sample. The identified minerals include 
titanite (as shown in Figures 5a and 6a), ilmenite 
(Figure 5b and 6b), spessartine garnet (Figure 6c), 
magnetite and hematite (Figure 6d), zircon (Figure 
5c), epidote (Figures 5d and 6e). Each of these 
minerals holds potential economic value, either as 
industrial materials or as sources of valuable 
metals.  

 

  
Figure 3. The spatial distribution of THMs (%) in the 

stream sediments samples along the Rahba area. 
Figure 4. Grain size distribution analyses for Rahba technology 

sample compared to heavy mineral distribution. 
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Table 1. Size distribution analyses percentage for Rahba samples by weight 

 
3.1.2. Chemical assay 

Spatial distribution maps showing the 
concentrations of major oxides such as Fe₂O₃, and 
TiO₂ (in percentages), along with trace elements 
including Cr, V, Co, Ni, and Zr (in ppm), were 
created using ArcGIS software and the results were 
displayed in Figures 7 and 8. The average 
composition of these elements is as follows: Fe₂O₃ 
ranges between 2.32% and 5.58%, with an average 
of 3.91%; TiO₂ varies from 0.353% to 0.72%, 
averaging 0.5%; and CaO ranges from 2.62% to 
8.92%, with an average of 3.93%. As for the trace 
elements, Cr concentrations range from 90 ppm to 
801 ppm, with an average of 263 ppm; V ranges 
from 119 ppm to 281 ppm, averaging 191 ppm; Co 
ranges between 93 ppm and 227 ppm, with an 
average of 147 ppm; Ni ranges from 64 ppm to 212 
ppm, averaging 112 ppm; and Zr ranges from 131 
ppm to 485 ppm, with an average of 280 ppm. 
Table 3 presents the ED-XRF results for the Rahba 
technological sample, revealing key oxides such as 
4.07% Fe₂O₃ and 0.51% TiO₂, indicating moderate 
iron content and low titanium presence, suggesting 
limited potential for titanium extraction. Among 

the trace elements, zirconium (327 ppm) is the 
most abundant, likely due to the presence of zircon, 
which has industrial significance. Chromium (272 
ppm), cobalt (167 ppm), and nickel (119 ppm) are 
also present in notable quantities, which may have 
applications in metallurgical processes, 
particularly for alloys and stainless-steel 
production. However, other trace elements such as 
zinc, yttrium, lead, copper, niobium, and tin occur 
in low concentrations, making them less 
economically viable. In summary, while the sample 
contains valuable trace elements like zirconium, 
chromium, and cobalt, the low levels of titanium 
and iron limit its potential for further upgrading. 
The ED-XRF analysis results for major oxides and 
trace elements in different magnetic fractions of the 
representative sample from Rahba technological 
sample are presented in Table 3. The results show 
that the oversized fraction (+1mm) accounts for 
approximately 32.82%, while the slime after 
attrition is about 5.8%. The hand magnet separated 
fraction is around 0.16%. The magnetic fractions 
obtained at different current levels are as follows: 
0.8A yields 2.75%, 1.5A yields 1.86%, and 2.5A 
yields 3.69%. The non-magnetic fraction at 2.5A 

Sample code Grain size distribution analyses % 
Very coarse sand Coarse sand Medium sand Fine sand Very fine sand Silt 

R1 40.32 13.83 18.00 15.06 10.55 2.24 
R2 33.52 13.63 14.36 17.75 17.27 3.47 
R3 10.22 28.96 26.68 20.32 12.50 1.31 
R4 51.62 16.08 12.87 9.46 8.23 1.74 
R5 48.61 16.52 15.06 10.90 7.40 1.51 
R6 22.68 11.59 16.69 26.84 18.91 3.29 
R7 28.47 16.89 19.68 20.07 13.84 1.05 
R8 19.26 8.09 24.90 28.64 17.54 1.56 
R9 18.02 15.53 31.94 20.99 12.04 1.48 

R10 35.11 10.15 11.44 21.93 19.42 1.96 
R11 36.77 15.37 17.6 13.64 14.23 2.39 
R12 41.59 14.48 14.48 15.01 12.75 1.68 
R13 36.83 14.55 18.3 17.22 11.72 1.38 
R14 49.46 15.06 18.04 11.18 5.86 0.41 
R15 40.72 15.85 17.91 15.3 9.21 1.01 
R16 32.64 13.64 18.72 18.86 13.17 2.96 
R17 32.79 21.44 18.08 14.03 11.53 2.13 
R18 38.14 13.33 15.55 17.26 14.97 0.75 
R19 37.38 8.89 13.57 17.89 16.59 5.68 
R20 35.02 11.23 15.08 16.6 17.26 4.81 
R21 47.31 16.02 18.25 9.97 6.19 2.26 
R22 23.23 15.99 25.71 19.61 14.07 1.39 
R23 32.17 17.36 26.36 21.3 2.77 0.04 
R24 22.31 12.93 17.67 23.00 19.67 4.42 
R25 15.03 12.47 16.25 23.64 29.18 3.43 
R26 25.18 22.13 17.91 13.85 18.37 2.56 
R27 20.5 20.25 18.35 15.5 20.22 5.18 
R28 21.43 21 18.67 19.31 18.28 1.31 
Min. 10.22 8.09 11.44 9.46 2.77 0.04 
Max. 51.62 28.96 31.94 28.64 29.18 5.68 
Aver. 32.01 15.47 18.50 17.68 14.06 2.26 

Tech. sample 34.57 14.86 17.42 17.10 13.89 2.17 
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makes up about 52.87%. As shown in Table 4, the 
estimated content of heavy minerals, based on 
stoichiometric calculations, includes titanite (0.44 
wt.%), ilmenite (0.15 wt.%), zircon (0.04 wt.%), 
spessartine garnet (0.01 wt.%), and magnetite (0.29 
wt.%). In addition, the sample contains a 

significant proportion of heavy silicate minerals—
epidote, pyroxene, and amphiboles—totalling 
approximately 10.07 wt.%. These heavy minerals 
are accompanied by major gangue phases, 
primarily quartz and feldspar, which dominate the 
lighter mineral fraction of the sample. 

 
Table 2. Total heavy minerals (THMs) percentage by weight in Relation to their size distribution 

 
3.1.3. Spatial Distribution maps of elements 

Distribution maps offer significant benefits, such as 
visualizing spatial patterns to facilitate the 
identification of trends and anomalies. They support 
scientific research through the analysis of spatial 
relationships. 
The interpolation methods are carried out using the 
Geostatistical Analyst extension in ArcGIS Desktop 
10.8 software. To assess the accuracy of these 
methods: sequentially remove a data point (one at a 
time), estimate the value of it from the remaining 
predicted values, and then compare the estimated 
value with the actual measured value. This technique 
is commonly used to select the most suitable semi-
variogram model for OK and to determine the optimal 
parameters for IDW to achieve the optimal result. To 
compare them, ME and RMSE derived from the 

differences between predicted and measured values 
are used as performance metrics.  
For OK, certain parameters are kept constant, such as 
the neighbourhood type, which is set to standard, with 
a maximum of 5 neighbours and a minimum of 2 
neighbours (number of data points) included in each 
sector. However, the sector type differs from one 
element to another. For IDW, parameters are also kept 
constant, with the neighbourhood type set to standard, 
and a maximum of 15 neighbours and a minimum of 
10 neighbours (data points) in each sector. Similar to 
OK, the sector type changes based on the specific 
element. Table 5 shows the performance metrics of 
the elements studied for the two methods. The value 
of the RMSE (an indicator of the interpolation 
accuracy) shows that OK was better for Fe2O3 and 
TiO2, whereas IDW was better for CaO, Cr, V, Co, Ni, 
Zr, and THMs, as illustrated in Figures 3, 7 and 8. 

Sample code THMs 
% 

THMs size distribution in weight % 
Very coarse 

sand 
Coarse 
sand 

Medium 
sand 

Fine 
sand 

Very fine 
sand Silt 

R1 10.55 0 0.96 2.77 4.09 2.40 0.34 
R2 12.12 0 1.84 2.91 3.78 3.14 0.44 
R3 16.85 0 3.02 5.73 5.09 2.72 0.30 
R4 6.47 0 0.70 1.92 2.14 1.51 0.20 
R5 6.04 0 1.24 1.74 1.93 1.04 0.09 
R6 14.44 0 1.32 2.33 5.50 4.98 0.31 
R7 17.59 0 3.00 4.32 5.90 4.03 0.34 
R8 17.67 0 0.84 3.85 7.25 5.36 0.37 
R9 16.64 0 1.47 5.03 6.21 3.59 0.34 

R10 13.68 0 2.04 2.39 4.59 4.33 0.33 
R11 10.5 0 1.90 2.76 3.10 2.53 0.21 
R12 12.07 0 2.57 2.84 3.36 2.97 0.34 
R13 13.76 0 2.14 3.25 4.86 3.33 0.18 
R14 4.48 0 0.87 0.81 1.52 1.19 0.09 
R15 6.48 0 0.78 0.99 2.47 2.13 0.10 
R16 8.35 0 0.92 1.56 3.11 2.49 0.27 
R17 5.58 0 0.72 0.75 1.74 2.22 0.14 
R18 8.03 0 0.69 1.27 2.51 3.31 0.26 
R19 6.82 0 0.57 0.94 1.99 3.04 0.28 
R20 5.57 0 0.29 0.66 2.09 2.25 0.28 
R21 7.61 0 1.42 2.72 2.34 0.97 0.15 
R22 11.35 0 1.26 2.99 3.96 2.74 0.40 
R23 4.94 0 0.38 0.68 1.80 1.73 0.34 
R24 9.17 0 0.90 1.44 2.81 3.68 0.35 
R25 12.44 0 0.87 1.23 2.69 6.94 0.71 
R26 8.13 0 1.37 1.36 1.81 3.32 0.28 
R27 5.5 0 0.47 0.71 1.41 2.72 0.18 
R28 8.33 0 1.36 1.13 2.08 3.63 0.15 
Min. 4.48 0 0.21 0.44 0.97 0.57 0.06 
Max. 17.67 0 3.76 6.32 7.25 9.86 1.22 
Aver. 10.04 0 1.28 2.07 3.25 3.14 0.29 

Tech. sample 10.54 0 1.36 2.27 3.36 3.19 0.36 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5. Back-Scattered Electron (BSE) images and corresponding EDS Spectra for Titanite (a), Ilmenite (b), 
Zircon (c), and Epidote (d). 
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(a) (b) 

 
 

(c) (d) 

 
(e) 

Figure 6. XRD patterns of heavy mineral content for Rahba sample, a. Titanite, b. Ilmenite and Riebeckite, c. 
Spessartine, d. Magnetite and Hematite, e. Epidote 
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Table 3. ED-XRF analyses of Rahba technology sample and their related different magnetic fractions. 
Elemental 
analyses 

Technology 
sample 

Ilmenite-rich 
fraction 

Garnet-rich 
fraction 

Epidote-rich 
fraction 

Titanite-rich 
fraction 

Major elemental oxides in % 
Fe2O3 4.07 14.6 10.7 10.00 1.91 
CaO 4.1 2.92 4.3 4.74 3.1 
TiO2 0.51 2.24 1.36 1.2 0.266 
P2O5 0.08 0.08 0.085 0.08 0.089 
K2O 1.39 0.403 0.614 0.665 1.36 
MnO 0.08 0.195 0.237 0.214 0.045 

Trace elements in ppm 
Cr 272 1770 547 327 86 
Zr 327     
Ni 119 686 254 171 46 
Co 167 532 339 257 69 
V 207 532 398 261 114 
Zn 70 191 176 163 51 
Y 30 31 44 50 22 
Pb 15.7 17 13 13 14 
Cu 27 75 72 57 21 

Table 4. Mineralogical composition of the Rahba technology sample 
Mineral content Wt.% Mineral content Wt.% 

Titanite 0.44 Magnetite 0.29 

Ilmenite 0.15 Heavy silicate 
minerals 10.07 

Zircon 0.04 Gangue minerals 
(quartz and 

feldspar) 
89 Garnet 0.01 

Table 5. Performance metrics 
Elemental Oxides/ 

Elements OK IDW 
 ME RMSE ME RMSE 

Fe2O3 % 0.008308876 0.873542869 -0.038854116 0.887515686 
CaO % -0.006641339 1.673435634 -0.035270693 1.612895746 
TiO2 % 0.00461822 0.093324503 -0.003308667 0.098820897 

Cr (ppm) 9.483952376 122.3426461 6.387024138 121.3969566 
V (ppm) -0.649695156 49.61121026 0.610039546 44.94443425 
Co (ppm) -1.370161812 39.87562974 -1.584482518 36.8672458 
Ni (ppm) -1.246985465 40.73955875 -0.828936328 37.13556109 
Zr (ppm) -2.279058036 80.28419179 -3.439334067 79.79398135 

 
3.2. Separation Processes 
3.2.1. Gravitative concentration  
Upon completion of the gravity concentration 
processes, including both the rougher and 
scavenger stages, a detailed analysis was 
performed. The results are summarized in Table 6. 
The findings demonstrated that the scavenging 
process played a crucial role in improving recovery 
rates. Specifically, the recovery rate increased 
significantly, rising from 65.83% in the rougher 

stage to 78.95% after the scavenging stages, 
underscoring the effectiveness of the scavenging 
process in maximizing heavy mineral recovery. 
Finally, the gravity separation process significantly 
enhanced the THM grade, increasing it from 
10.45% in the Rahba technology sample to 33.22% 
in the final concentrate after the scavenging and 
roughing stages. This improvement was achieved 
with a recovery rate of 78.95% for THMs and a 
concentrate yield of 24.95%, demonstrating the 
effectiveness of the separation technique. 
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(a) (b) 

  
(c) (d) 

Figure 7. The spatial distribution of TiO2 (a), Fe2O3 (b), CaO (c), and Zr (d) in the stream sediments samples 
along the Rahba area. 

Table 6. Material balance of gravity concentration processes via shaking table for Rahba technology sample. 
Products of tabling Yield (%) HMs Assay (%) HMs Recovery (%) 

Concentrate 

Roughing stage 20.46 33.91 65.83 
Scavenging round 1 2.88 28.8 7.87 
Scavenging Round 2 1.61 34.38 5.25 

Total Concentrate 24.95 33.22 78.95 
Tail Total 75.05 2.99 21.05 
Feed Total 100 10.54 100 

 
3.2.2. Magnetic Separation 

This step aims to produce high purity concentrates 
of ilmenite and titanite from the THM concentrate 
obtained via the shaking table, resulting in separate 
ilmenite and titanite concentrate fractions. 

Ilmenite-concentrate Fraction (ICF) 

At this fraction, the focus was on ilmenite as the 
main mineral of interest. Using HIMS at 0.8A 
current intensity, 1.4% of the THMC was separated 
as a magnetic fraction. SEM-EDS analysis (shown 
in Figure 9a) revealed that the dominant elements 
were iron, titanium, and silicon, confirming 
ilmenite as the primary mineral, along with some 
traces of spessartine garnet. An analysis of separate 
ilmenite grains is shown in Figure 9b and c. ED-
XRF analysis results, presented in Table 7, 

confirmed that gravity and magnetic separation 
effectively increased ilmenite assay from 0.11% in 
the raw sand to 6.16% in the concentrate, with a 
recovery rate of 79% and a mass yield of 1.41%. 

Titanite-concentrate fraction (TCF) 

This refers to the non-magnetic fraction at 3A 
current intensity that comprises 17.17% mass of the 
THMC.  The BSE-EDS data (Figure 10a) revealed 
key elemental contents, including silicon, titanium, 
zirconium, and calcium, SEM-EDS data in Figure 
10b confirmed titanite is the dominant mineral in 
this fraction with traces of zircon (Figure 10c). The 
results from ED-XRF analysis (Table 7) showed 
that the titanite content increased significantly 
during processing. In the raw sand, titanite made up 
0.44%, but after separation, the titanite content rose 
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to 2.18% in the concentrate. The recovery rate of 
titanite from the original material was 85.08%, 
with a mass yield of 17.17%, demonstrating the 
effectiveness of the separation process in 
concentrating titanite from the Rahba placer 
deposit. 

The Titanite-Concentrate Fraction (TCF) 
underwent further purification steps using a 
shaking table to remove silicate minerals, which 
were present as impurities. This process 
successfully produced a more refined titanite 
concentrate, resulting in a yield of up to 1.58%. 

 

  
(a) (b) 

  
(c) (d) 

Figure 8. The spatial distribution of Ni (a), Cr (b), Co (c), and V (d) in the stream sediments samples along the 
Rahba area. 

Table 7. ED-XRF analyses results of both ilmenite (ICF) and titanite (TCF) concentrate fractions of Rahba 
placer deposits 

Elemental analyses ICF TCF 
Major oxides in % 

Fe2O3 13.9 1.85 
CaO 3.66 3.67 
TiO2 3.24 0.66 
P2O5 0.09 0.10 
K2O 0.31 1.3 
MnO 0.28 0.04 

Trace elements in ppm 
Cr 2080 76 
Zr 109 504 
Ni 539 49 
Co 508 77 
V 832 130 
Zn 169 46 
Y 44 37 
Pb 11 14.4 
Cu 95 17 
Nb 6 24 
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Figure 9. BSE image and corresponding EDS spectra for; ilmenite-rich fraction (a), ilmenite (b), (c) 

 
Figure 10. BSE image and corresponding EDS spectra for; titanite-rich fraction (a), apatite (b), zircon (c) 

4. Conclusions 

This study presents a comprehensive assessment of the 
heavy mineral potential of low-grade placer deposits in 
Wadi Rahba, located along Egypt’s southern Red Sea coast. 
Emphasis was placed on the recovery of economically 
significant minerals—particularly ilmenite and titanite—
which are critical for titanium production and other 
industrial applications. The region is underlain by a 
complex geological framework comprising Precambrian 
basement rocks and Quaternary sediments, favouring 
heavy mineral enrichment. 
A systematic sampling program was conducted, and 
mineralogical characterization of both individual and 
composite samples was performed using grain size 
analysis, heavy mineral separation, XRD, SEM-EDS, and 
ED-XRF. The results revealed a varied assemblage of 
heavy minerals including titanite, ilmenite, zircon, 
magnetite, spessartine garnet, and epidote, as well as high 
levels of heavy silicate gangue minerals. 

A two-stage beneficiation process—comprising wet gravity 
separation followed by magnetic separation—proved 
highly effectively. Gravity separation yielded a concentrate 
containing 33.22% total heavy minerals, with a recovery 
rate of 78.95%. Subsequent magnetic separation 
significantly enriched the target minerals: ilmenite content 
rose from 0.11% to 6.16% (79% recovery), and titanite 
increased from 0.44% to 2.18% (85.08% recovery). 
The successful implementation of these physical upgrading 
techniques highlights their value in mineral processing, 
especially for low-grade placer resources. Their eco-
friendly and energy-efficient nature, compared to chemical 
processing methods, enhances the sustainability of the 
extraction process and supports responsible mineral 
resource management. This position is the Wadi Rahba 
deposits as a viable and environmentally conscious 
resource for future exploitation. 
Further investigations are recommended to characterize the 
concentrate fractions in greater detail, evaluate the 
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economic viability of full-scale production, and assess the 
environmental and social implications of industrial 
development in the area. Overall, this study provides 
critical insights into the beneficiation potential of Wadi 
Rahba sediments and lays a scientific foundation for their 
sustainable utilization as a source of critical minerals. 
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افزا به  پاسخ  معدن  يبرا  یجهان  يتقاضا  شیدر  ن  یاتیح  یمواد  بهره   ازیو  منابع    يبرداربه  از  مسئولانه 
رحبه در امتداد    يدر منطقه واد  اریع کم  يپلاسر  ریاز ذخا  داریپا  یابیباز  يهامطالعه روش  نیا  ،یطیمحستیز

  ی به عنوان مواد معدن تیتانیو ت   تیلمنیا يسازی. تمرکز بر غنکندی م یسرخ مصر را بررس يایدر یساحل جنوب
،  XRD  يهاکیبا استفاده از تکن  ت،یکامپوز  ينمونه فناور  کیو هشت نمونه، از جمله    ستیاست. ب  هیارزشمند اول

SEM-EDX    وED-XRF  نتا  لیو تحل  هیمورد تجز م  ج یقرار گرفتند.    ي های کل کان  يکه محتوا  دهدی نشان 
  ت کامپوزی  نمونه  در  ٪11  و  است  ٪10  باًتقریر است که به طور متوسط  متغی  ٪17.7  تا  ٪4.5) از  THM(  نیسنگ

در    ل،یو روت  تیمگنت  رکون،یلوکوکسن، ز  ت،یلمنیا  ت،یتانیشده شامل ت  ییارزشمند شناسا  یاست. مواد معدن
  ی ن یتخم  يهستند. محتوا  هابول یو آمف  روکسنی پ  دوت،یمانند اپ  نیسنگ   کاتیلی س  يهای کان  يبالا  يهاکنار غلظت 

وزن  0.44شامل   وزن  0.15  ت،یتانی ت  یدرصد  مقاد  تیلمنیا  یدرصد  وزن  0.04(  رکنیز  يزیناچ   ریو  )،  ی درصد 
  ي هاک ی از تکن  یبیترک  ،یابیباز  ش یافزا  ي) است. برایدرصد وزن   0.29(   تی) و مگنت یدرصد وزن  0.01(  نیاسپسارت
ها به روش  نی) به کار گرفته شد. اHIMSو    LIMS(  یسیمغناط  ي) و جداسازی لفلیلرزان و  زی(م  یثقل  يجداساز

.  افتندیدرصد دست  79درصد و  85.08 یابیبه نرخ باز بیکردند و به ترت ظی را تغل تی لمنیو ا تیتان یطور مؤثر ت
  ط ی مح  يبرا  داریپا  یکیزیارتقاء ف  يهاک یرا با استفاده از تکن  اریع از منابع کم   ياستخراج اقتصاد  لیپتانس  ها،افتهی
  . .کنند یبرجسته م ستیز

    کلمات کلیدي 

  ت یلمن یا
  ت یتان یت

  ی گرانش  غلظت
  ی سی مغناط يجداساز 

  رحبا 
  

  
 
 
 


