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A B S T R A C T 

 

Economic heavy minerals (EHMs) in the Quaternary Stream Sediments of the Wadi Ibib were characterized mineralogically and chemically 
via optical microscopy, grain size distribution analysis, heavy liquid separation, X-ray diffraction (XRD), energy-dispersive X-ray fluorescence 
(EDXRF), and scanning electron microscopy (SEM). Information gathered from characterization studies confirmed that the heavy mineral 
content (specific gravity of more than 2.89) in the Ibib samples ranged between 8.18 and 17.52% by mass with an average of about 12.56% by 
mass. EDXRF data analyses also manifested that the content of ilmenite in the Ibib sample reached 0.2%, zircon 0.08%, rutile 0.07%, leucoxene 
0.06%, almandine garnet 0.022%, cassiterite 0.007%, xenotime 0.006%, monazite 0.0008%, and magnetite was about 0.29% with high 
proportion of heavy silicates. With regard to raising the grade of the EHMs, heavy mineral concentrate was obtained through a rougher step 
on Wilfley Shaking Table No. 13, and then it was followed by two scavenging steps for the highest recovery obtained. The gravimetric 
concentration steps succeeded in raising the heavy mineral assay from 12.17% to 53.41% with a recovery of 80.42% in a yield of 20.38%. Finally, 
magnetic separation operations were conducted via low- and high-intensity magnetic separators at different intensities in an attempt to 
separate and obtain clean concentrates of EHMs that were ready for use in various modern technology industries. 

Keywords: Economic heavy minerals; Mineral beneficiation; Gravity concentration, Magnetic separation, Stream sediments; Southern coast 
of the Red Sea. 

 

 

1. Introduction 

Placer deposits are a source of various mineral commodities, such as 
ilmenite, rutile, leucoxene, zircon, monazite, etc… [1,2]. These minerals 
and their metal-constituent products are the basic building blocks of 
modern developed industries. To ensure continuous and dynamic 
growth in this field, there is an increasing need to produce final 
concentrates with added value [3-7]. The Red Sea coast extends for 
hundreds of kilometers in Egypt and is considered one of the most 
promising coastal deposits for economic heavy minerals (HMs). Its 
importance appears as a source of rutile, ilmenite, zircon, and other 
economic minerals that are involved in high-tech industries all over the 
world. Therefore, the Nuclear Materials Authority conducted many 
studies related to the geological, mineralogical, mineral evaluation, 
radiological risks, and physical beneficiation of these placer deposits in 
order to assess the economic feasibility of exploitation [8-11]. 

Without a doubt, exploiting heavy mineral sand is easier and less 
expensive in mining and processing than other commodities [12]. 
Generally, HM sand deposits are massive and close to the surface, which 
facilitates simple exploration techniques and open-cast excavation [13]. 
Moreover, heavy mineral processing plants are currently well-
established with considerable separation efficiency [14]. 

Physical separation of economic heavy minerals from the most 
common associated gangue in placer deposits is usually carried out by  

 
 
 
exploiting their differences in specific gravity, magnetic and electrostatic 
susceptibilities, and size-shape. Therefore, heavy minerals are 
concentrated and separated via physical techniques; first involving 
gravitational concentration, followed by the combination of magnetic 
and electrostatic separation [15-18] [9,10]. Flotation technology can be 
used as a supplementary separation stage in an effort to achieve a cleaner 
product [19-24]. 

The main subjects of this study are: (i) to clarify the physical, 
chemical, and mineralogical characterization for the Wadi Ibib stream 
sediments in order to find out the grain size distribution, apparent 
density, chemical composition, and finally the content, distribution, and 
confirmation of the economic heavy mineral; (ii) to conduct physical 
beneficiation tests on the Ibib sediments in order to recover the 
economic heavy minerals; and finally (iii) to characterize the separated 
products. 

2. Experimental 

2.1. Location and sampling 

The Wadi Ibib area is located about 50 km south of Shalateen city, 
forming a vast area of sand and placer deposits. It lies in the northern 
 

Article History: 
Received: 04 November 2023. 
Revised: 11 May 2024. 
Accepted: 26 September 2024. 
 

International Journal of Mining and Geo-Engineering IJMGE 

- R E S E A R C H    P A P E R - 

https://ijmge.ut.ac.ir/
https://dx.doi.org/10.22059/ijmge.2024.367652.595118
https://dx.doi.org/10.22059/ijmge.2024.367652.595118


372 M.- M. Fawzy et al.,  / Int. J. Min. & Geo-Eng. (IJMGE), 58-4 (2024) 371-381191-199 

 

part of the Neoproterozoic Hamshana shear zone between latitudes of 
22° 30' and 22° 46' N, and longitudes of 35° 26' and 36° 00' E (Fig. 1). The 
study area exhibits different rock units, such as ultramafics, 
metavolcanics and granites. The ultramafic rocks include serpentinite 
and gabbro. Metavolcanics in the Wadi Ibib area show two verities; basic 
and acidic metavolcanics that are intruding the metagabbro and 
metasedimentary rocks with sharp contact. Granites are represented by 
tonalite-granodiorite and biotite-muscovite granite. The investigated 
Quaternary deposits include gravel terraces, sabkha deposits, sand 
sheets, and wadi deposits (Fig. 1). A total of 12 stream sediment samples 
were collected through pits arranged in one profile in the middle of the 
Wadi Ibib. The pits are about 50cm in diameter, 70 -100 cm in depth, 
and 2-6 km apart. In the field, each pit sample was mixed well to form a 
homogeneous sample in order to be ready for various investigations in 
the lab. 

Physical and chemical characterization in addition to mineralogical 
investigation and physical upgradability processes was conducted on 
each collected sample from 12 samples, besides a representative sample, 
that was prepared by taking an equal amount of each sample and mixing 
them well to form the Ibib representative sample (Ibib rep.).  

 

 
Fig. 1 (A) The general location map of the Wadi Ibib area, (B) The geological map 
showing sampling locations of the Wadi Ibib area, south Eastern Desert of Egypt 
(Modified after [8]). 
 

2.2. Sample Characterization 

2.2.1. Grain Size distribution analyses 

Grain size distribution analyses for the Wadi Ibib stream sediments 
samples were performed using a mechanical sieve shaker with a set of 
sieves with aperture diameters of 2.0, 1.0, 0.5, 0.250, 0.125, and 0.063 mm 
(ASTM codes) for 15 minutes. All size fractions were weighed and their 
distributions recorded. 

2.2.2. Apparent Density measurements 

The apparent density was measured for each sample by weighing the 
sample and pouring it inside a graduated cylinder, then it was 
compacted well. The density values were obtained from dividing the 
mass of the sample by its volume. 

2.2.3. Heavy mineral content determination 

For determining the heavy mineral content of the Ibib samples, 
approximately 50g of each sample was separated via heavy liquid 
separation test using bromoform (CHBr3) with a specific gravity of 2.89. 
The heavy and light mineral fractions were washed with acetone, dried, 
and finally weighed to determine the heavy mineral content in each 
sample. 

2.2.4. Mineral Identification 

The mineralogical identification was carried out via an X-ray 
diffraction (XRD) instrument along with an environmental scanning 
electron microscope (SEM) (Philips Model XL 30) equipped with an 
energy dispersive spectrometer (EDS) unit. Heavy mineral fractions 
were separated through magnetic fractionation using a Carpco high 
intensity magnetic separator (HIMS) which divided each sample into 
four magnetic (mag.) fractions at 0.04A, 0.8A, 1.5A, 2.5A as well as a non-
magnetic (non-mag.) fraction. An Olympus stereo binocular microscope 
was also used to prepare and select pure mineral grains by hand picking 
for XRD and SEM analyses. 

2.2.5. Quantification of Heavy minerals 

X-ray fluorescence spectroscopy (XRF) is one of the most convenient 
and rapid analytical techniques for determining chemical assays of solid 
samples, so it is the most suitable technique in the field of physical 
beneficiation [26, 27]. The estimation of heavy mineral content in a 
representative Ibib sand sample was conducted using chemical assays 
on magnetically separated subsamples via an energy-dispersive X-ray 
fluorescence (EDXRF) Rigaku spectrometer with polarized optics. This 
method was attempted by [28] and developed by [29] who 
demonstrated that it is a relatively simple, rapid, low-cost, non-toxic, and 
eye-strain-free method compared to the microscopic grain counting 
technique. This method was implemented through the following steps: 
(1) about 100-150 grams of Ibib representative sample were prepared by 
blending equal proportions of 12 samples under investigation, (2) 
sieving was done using a 1mm sieve, (3) attrition using hydrogen 
peroxide was performed on a -1mm fraction, (4) magnetite separation 
was carried out using a hand magnet, (5) EDXRF spectrometric analyses 
were implemented on a part of the magnetite-free sample, (6) magnetic 
separation via HIMS was performed on the remaining part of the sample 
into four fractions that are magnetic at 0.8, 1.5, and 2.5A and non-
magnetic at 2.5A, (7) EDXRF analyses of these fractions for the 
elemental oxides in the formula of heavy minerals, and (8) computation 
of the contents of heavy minerals assuming their stoichiometric 
composition. The schematic flow-sheet of heavy mineral estimation 
using EDXRF spectrometry is depicted at Figure 2. 

2.3. Sample Beneficiation 

The beneficiation experiments were carried out on a representative 
sample weighing about 20 to 25 kg. Firstly, the total heavy mineral 
concentration process was conducted via wet-gravity concentration 
using a Wilfley shaking table No. 13 for get rid of the most common 
associated light gangue minerals as much as possible. After the 
completion of each concentration stage (rougher and scavenger), a 100 
g representative sample of each of the gravity concentration products 
(concentrate and tail) was subjected to bromoform separation for the 
determination of the THM assay. The obtained heavy tabling 
concentrates were firstly separated using a low-intensity magnetic 
separator (LIMS) to separate magnetite. Free-magnetite mineral 
fractions were subjected to Carpco dry high-intensity magnetic 
separator (DHIMS) Model MLH (13) III-5" 15 to separate paramagnetic 
from diamagnetic minerals and obtain a clean concentrate from theses 
fractions. The magnetic separation processes via DHIMS were achieved 
at pre-optimized factors of a medium air gap of 1.5 cm, magnetic field 
current at 0.8, 1.5 and 2.5A, magnetic roll speed 30 rpm and an optimum 
feed rate of 39.2 g/min. 
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Fig. 2 The schematic flow-sheet of heavy mineral estimation using energy-
dispersive X-ray fluorescence (EDXRF) spectrometry. 

 

3.  Results and Discussion 

3.1. Ibib sample characterization results 

The EDXRF analyses for Ibib head sample are shown in Table (1). 
The head assays of the main oxides showed contents of 3.57% of Fe2O3 
and 0.49% for TiO2. The highest trace elements were zirconium (329 
ppm), Cr (300 ppm), Co (169 ppm), and Ni (116 ppm), while Zn, Y, Pb, 
Cu, Nb, and Sn showed low contents. 

Grain size distribution is one of the most important physical 
parameters of heavy mineral sand, as it has a significant impact on the 
separation efficiency using different physical separation processes. 
Many research papers have confirmed that the highest percentage of 
liberated heavy minerals was found in the size fraction of less than 250 
µm [30]. Grain size distribution analyzes of the Wadi Ibib samples are 
presented in histograms in Figure 3. The results showed a high degree 
of homogeneity for the samples and from the mean values for the size 
distribution, it also confirmed that the highest percentage (85.30% mass) 
of size retained in a range from 1 to 0.063 mm, while the gravel and very 
coarse sand fractions were about 12.29% mass, and the silty size fraction 
was calculated as 2.42% mass. For Ibibrep., it was 87.57% mass for size 
range of 1-0.063mm, 10.72% mass for the gravel and very coarse sand 
fraction, and 1.70% mass for the silty size fraction. 

The values of the apparent density measurements were used as 
evidence for the presence of heavy mineral concentrations in the studied 
samples, in addition to using these values to estimate the reserves of 
heavy minerals in the area under investigation [8-10]. As for the 
apparent density measurements of the Wadi Ibib samples which are 
shown in Figure 4, the values ranged from 1.64 to 1.93 g/cm3, with an 
average of about 1.79 g/cm3 and the value of the Ibib representative 
sample was 1.81 g/cm3. Compared to the typical values of dry density for 
normal sand which are estimated at 1.5 g/cm3 [31], this indicates that 
heavy minerals were occurred in high concentrations. The heavy 
mineral content in each sample was determined and separated by the 
heavy liquid separation technique using bromoform and the results are 
presented in Figure 4. The results confirmed that the total heavy mineral 
content in the Ibib samples ranged between 8.18 and 17.52% mass with 
an average of about 12.56% mass and 12.17% mass for Ibibrep.. 
 

Table 1. The EDXRF analyses of the Ibib head bulk samples. 

Major Oxides (%) Elements (ppm) 

Fe2O3 CaO TiO2 P2O5 K2O MnO Zr Cr Ni Co V Zn Y Pb Cu Nb Sn 

3.57 3.17 0.49 0.079 0.85 0.077 329 300 116 169 158 70 27 13.8 34.7 10 57 

 
Heavy mineral (HM) size distribution analysis for the studied 

samples was performed and depicted at Figure 5. The mean results for 
12 samples concluded that 96.44% mass of the HMs retained in the size 
range of 1 to 0.063 mm while, zero percent of HMs was in the size 
fraction greater than 1mm and 3.57% mass of HMs was presented in the 
silt size fraction (-0.063mm). The results for a representative Ibib sample 
were as follows: 96.29% mass of HMs was kept in the size fraction of -
1+0.063 mm, 0% mass in the +1mm size fraction, and 3.71% mass of the 
HMs in silty fraction. 

Microscopic examination using the Stereo-binocular microscope and 
SEM analyses which were supplied with an EDS unit for the heavy 
mineral fractions obtained from bromoform separation revealed the 
presence of a large group of economic heavy minerals distributed in 
most size fractions, but more concentrated in the fine ones, less than 
0.25 mm. They were shown as follows: ilmenite (Fig. 6a), leucoxene (Fig. 
6b), almandine garnet (Fig. 6c), sphene (Fig. 6d), rutile (Fig. 7a), zircon 
(Fig. 7b), Cu-Zn mineral (Fig. 7c), cassiterite (Fig. 7d), xenotime (Fig. 
8a), monazite (Figs. 8b and c), and gold (Fig. 8d). 

For detailed mineralogical study, the magnetic fractionation of heavy 
bromoform fractions was conducted using a Carpco high-intensity 
magnetic separator (HIMS). Each heavy bromoform sample was 
magnetically separated into five fractions (magnetic at 0.04A, magnetic 
at 0.8A, magnetic at 1.5A, magnetic at 2.5A, and non-magnetic at 3A). 

Each fraction was weighted and calculated with respect to the 
percentage of heavy minerals and the results are presented in Figure 9. 

Magnetic fractionation process of the Ibib samples manifested that 
the magnetic fraction at 1.5A represents the highest value ranging from 
37.67 to 64.15% mass with an average of about 48.78% mass, followed by 
the magnetic fraction at 3A where the values ranged between 7.16 to 
29.33% mass with an average of 18.85% mass. Meanwhile the non-
magnetic fraction at 3A had values between 12.93 to 22.7% mass with an 
average of 15.73. The magnetic fraction at 0.8A ranged between 1.6 to 
27.62% mass with an average of 13.92% mass. As for the lowest value of 
magnetic fractionation, it had a magnetic fraction of 0.04A which ranged 
from 1.14 to 4.15% mass with an average of 2.72% mass. With regard to 
the Ibib representative sample (Ibibrep.), the magnetic fractionation 
results were close to the average values of the samples and their results 
are as follows: 57.63% mass for the magnetic fraction at 1.5A, 18.53% mass 
for the magnetic fraction at 2.5A, 13.90% mass for the non-magnetic 
fraction at 2.5A, 7.08% mass for the magnetic fraction at 0.8A, and 2.86% 
mass for the magnetic fraction at 0.04A (Figure 9). 

The mineralogical confirmation of the magnetic fractionation of the 
Wadi Ibib representative sample was conducted via XRD analyses and 
the diffractograms for the various fractions are depicted in Figures 10 
and 11. Figure 10a showed that the magnetic fraction at 0.04 amps 
contained mainly magnetite and hematite which had ASTM Card No.  
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Fig. 3 Histograms showing the grain size distribution analyses for the Ibib stream sediments samples. 

 

 

 
Fig. 4 Apparent density measurements and heavy mineral content in the Wadi Ibib stream sediment samples. 
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Fig. 5 Histograms showing the heavy minerals size distribution analyses for the Ibib samples. 

 
76-1849 and 58-599, respectively. Meanwhile the magnetic fraction at 0.8 
amps was mainly composed of ilmenite and actinolite which had ASTM 
Card No. 03-778 and 85-2157, respectively (Figure 10b). The alteration 
products of ilmenite (leucoxene), actinolite, and almandine separated as 
the magnetic fraction at 1.5 amps had ASTM Card No. 03-778, 85-2157 
and 74-1553, respectively (Fig. 10c). 

Magnetic separation at 2.5 amps proved the presence of rutile, 
epidote, actinolite, and monazite which had ASTM Card No. 88-1175, 
17-514, 85-2157, and 46-1295, respectively (Fig. 11a). Meanwhile the non-
magnetic fraction at the same amperes showed the presence of rutile, 
cassiterite, zircon, quartz, and diopside which had ASTM Card No. 72-
1148, 14-567, 06-266, 85-798, and 83-98, respectively (Fig. 11b). 

The results of processing and magnetic fractionation for the Ibib head 
representative sample for the quantification of heavy minerals using a 
hand magnet and HIMS indicated that the oversize fraction (+1mm) 
represents about 11.88% while the slime after attrition represents 6.92%. 

The hand magnet separated fraction was about 0.29%, the magnetic 
fraction at 0.8A was about 8.63%, magnetic fraction at 1.5A was about 
5.42%, and magnetic fraction at 2.5A was 3.21%, while the non-magnetic 
fraction at 2.5A represented about 63.65%. 

The EDXRF analyses for the major oxides and trace elements of 
different magnetic fractions for the Ibib head sample are shown in Table 
(2). The data from analyses, as well as the magnetic fractionation results 
used to compute the contents of heavy minerals assuming their 
stoichiometric composition revealed that the content of ilmenite in the 
representative sample reached 0.2%, zircon was 0.08%, rutile was 0.07%, 
leucoxene was 0.06%, almandine garnet was 0.022%, cassiterite was 
0.007%, xenotime was 0.006%, monazite was 0.0008%, and magnetite 
was about 0.29%. 

3.2. Beneficiation results 

Beneficiation of the Ibib samples with the aim of raising the grade of  
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Fig. 6 Back-scattered electron (BSE) images and corresponding EDS spectra for 
ilmenite (a), leucoxene (b), almandine (c), and sphene (d). 
 

 

Fig. 7 BSE images and corresponding EDS spectra for rutile (a), zircon 
(b), Cu-Zn mineral (c), and cassiterite (d). 

 
Fig. 8 BSE images and corresponding EDS spectra for xenotime (a), monazite (b) 
and (c), and gold (d). 

 
economic heavy minerals was conducted via gravity concentration 
processes using a shaking table in order to eliminate low-density gangue 
silicate minerals, such as quartz and feldspar which were present in large 
proportions and produced a heavy mineral concentrate portion. 
Meanwhile, the magnetic fractionation process was carried out on the 
heavy portion in order to separate the magnetic heavy minerals from the 
paramagnetic minerals and also from the diamagnetic minerals. 

3.2.1. Shaking table concentration 

Wilfely Shaking Table No. 13 was used as equipment for raising the 
grade of the heavy minerals by going through two rounds of scavenging 
concentration stages after a rougher step to recover the remaining heavy 
minerals in tails that were not recovered during the initial roughing 
stage. 

After several tests were conducted on the shaking table to improve 
the separation conditions, it became clear that the optimal operating 
conditions for the roughing stage are a 134 g/min feed rate, 14 l/min 
water flow rate, 1.5cm stroke length, and a 9o inclination angle. 
Meanwhile the best operating conditions for the scavenging stages were 
140 g/min feed rate, 17.5 l/min water flow rate, 2 cm stroke length, and 
an 11o inclination angle. It is quite obvious that the scavenging stages had 
values for operating conditions that were greater than those of the 
roughing stage and this is due to an increase in the light gangue mineral 
percentage and a decrease in the heavy minerals during the scavenging 
stages compared to the roughing stage. After completing the stages of 
gravity concentration (rougher and scavenger) for the sample, a 
representative sample weighting about 100 g from each fraction of the 
products (concentrate and tail) was subjected to a heavy-liquid 
separation test using bromoform in order to determine the assay of 
heavy minerals and calculate the material balance. The results are 
presented in Table 3. The results showed that the scavenging process is 
very important and effective, because it raised the recovery rate from 
61.73% in the rougher stage to 80.42% after the scavenging stages. 
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Fig. 9 Magnetic fractionation content of heavy minerals in the Ibib samples via 
DHIMS. 

 

 
Fig. 10 XRD diffractograms showing: (a) magnetite and hematite separated as the 
magnetic fraction at 0.04 amps, (b) ilmenite and actinolite separated as the 
magnetic fraction at 0.8 amps, (c) almandine, ilmenite, and actinolite separated as 
the magnetic fraction at 1.5 amps of the Wadi Ibib representative sample. 

 
The EDXRF spectrometric analysis for the final concentrate was 

displayed against the head sample analysis in Table 4 that also showed 
the enrichment ratio values. These values were calculated by dividing 
the grade of concentrate by the grade of the feed (c/f) and they indicated 
how many times the concentrate's element concentration was relative to 
the feed. The enrichment ratio values for major elements, such as Fe2O3 
and TiO2 showed a clear improvement and increased by 2.073% for 
Fe2O3 and 2.63 for TiO2. As for the trace elements, such as Zr, Cr, Co, Y, 
U, and Th, they showed high values for the enrichment ratio in the 
concentrate compared to the feed sample. This is the results of doubling 
of the contents of minerals, such as ilmenite, magnetite, rutile, sphene, 
zircon, almandine, monazite, and xenotime in the concentrate. 

 
 

Fig. 11 XRD diffractograms showing: (a) Rutile, epidote, actinolite and monazite 
separated as the magnetic fraction at 2.5 amps, (b) rutile, zircon, cassiterite, 
diopside and quartz separated as the non-magnetic fraction at 2.5 amps of the 
Wadi Ibib representative sample. 
 

Table 2. EDXRF analyses results of the Ibib head sample and their different 
magnetic fractions 

 

3.2.2. Magnetic separation 

The heavy mineral fractions were used as feed for a low-intensity 
magnetic separator (LIMS) for the separation of magnetite as a 
ferromagnetic mineral fraction and the non-magnetic fraction were 
subjected to the Carpco high intensity magnetic separator (HIMS) 
Model MLH (13) III-5" to fractionate free-magnetite mineral fraction 
into paramagnetic and diamagnetic fractions. Four magnetic fractions 
resulted: ferromagnetic mineral fraction, paramagnetic mineral fraction 
that separated at 0.8A, paramagnetic mineral fraction separated at 1.5A, 
and paramagnetic mineral fraction at 2.5A. The non-magnetic mineral 
fraction separated at 2.5A was also obtained. 

3.2.2.1 Ferromagnetic mineral fraction 

Magnetite is the separation product of this fraction using a low-intensity 
magnetic separator and it represents about 0.22% of the mass of the 
heavy mineral fraction. The magnetite fraction was confirmed by the 
SEM analyses where the back-scattered electron (BSE) image with the 

Elemental oxides Mag. 
@0.8A 

Mag. 
@1.5A 

Mag. 
@2.5A 

Non. 
@2.5A 

Fe2O3 11.2 10.4 5.54 0.772 

CaO 4.03 5.8 4.32 2.62 

TiO2 1.52 0.878 0.635 0.128 

P2O5 0.083 0.095 0.084 0.085 

K2O 0.624 0.768 0.634 0.916 

MnO 0.22 0.213 0.106 0.022 

Cr 970 630 345 40 

Ni 380 280 229 42 

Co 380 330 223 33 

V 290 374 252 57 

Zn 215 180 103 37 

Y 46 54 48 16 

Pb 18.5 17.6 17.4 11.5 

Cu 150 111 59.8 22 

Th ˂0.1 ˂0.1 14.6 ˂0.1 

U ˂0.1 ˂0.1 ˂0.1 ˂0.1 
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Table 3. The material balance of the different products of the gravity concentration via shaking table for the Ibib stream sediments representative samples. 

Products of tabling Yield (%) Heavy mineral assay (%) Heavy mineral recovery (%) 

Concentrate 

Roughing stage 14.32 52.46 61.73 
Scavenging Round 1 3.18 40.03 10.45 
Scavenging Round 2 2.88 34.82 8.24 

Total 20.38 53.11 80.42 
Tail Total 79.62 2.99 19.58 
Feed Total 100 12.17 100 

 
Table 4. The EDXRF analyses demonstrating the feed grade, concentrate grade 
and enrichment ratio (E.R.) for the Ibib technological samples as a results of 
gravity concentration via shaking table. 

 
Feed Grade Concentrate Grade Enrichment Ratio (E.R.) 

Major Oxides in % 
Fe2O3 3.57 7.4 2.07 
CaO 3.17 4.95 1.56 
TiO2 0.49 1.29 2.63 
P2O5 0.097 0.111 1.14 
K2O 0.85 0.632 0.74 
MnO 0.077 0.152 1.97 

Trace Elements in ppm 
Cr 300 906 3.02 
Zr 329 645 1.96 
Ni 116 145 1.25 
Co 169 234 1.38 
V 158 329 2.08 

Zn 70 111 1.59 
Y 27 50 1.85 
Pb 13.8 17.2 1.25 
Cu 34.7 26 0.75 
Th ˂0.1 10.3 103 
U ˂0.1 ˂0.1  

 
corresponding energy dispersive spectrum (EDS) and its stereo 
microscopic image are shown at Figures 12a and b, respectively. The 
SEM data for magnetite as a separate grain is depicted in Figure 12c, in 
which the iron content was about 94.6%. 
 

 
Fig. 12 Representative back-scattered electron (BSE) image with corresponding 
EDS spectra, and stereo microscopic image for magnetite fraction (a), (b) 
respectively, magnetite (c). 

3.2.2.2. Magnetic fraction at 0.8 A 

This fraction represents about 2.15% of the mass of the heavy mineral 
fraction. The BSE image and its corresponding EDS for this magnetic 
fraction are shown at Figure 13a and clarified that the main content was 
iron (41.6%), titanium (25.8%), silicon (16.4%), and manganese (2.1%); 
this means that ilmenite was the main separated mineral with the traces 
of almandine. The stereo microscopic image shown in Figure 13b also 
proved the presence of ilmenite as an essential mineral with almandine 
as traces. Ilmenite grain with an elemental composition of 50% Fe and 
40.8% Ti is presented at Figure 13c. 

 

 
 

Fig.13 Representative BSE image with corresponding EDS spectra, and stereo 
microscopic image for magnetic fraction at 0.8A (a), (b) respectively, ilmenite (c). 

3.2.2.4. Magnetic fraction at 1.5 A 

This fraction represents about 4 % of the mass of the heavy fraction 
of the Ibib samples. The SEM data shown in Figure 14a as well as the 
stereo microscopic image shown in Figure 14b proved that the main 
elemental content was Si (35.1%). Fe (26.5%), Al (14.1%), Ca (12.3%), and 
Ti (6.8%) implying that heavy silicates, such as pyroxene, epidote, and 
amphiboles along with leucoxene and almandine were the main 
minerals that occurred. SEM data concerning almandine, pyroxene, and 
leucoxene content are shown in Figure 14c, d, and e, respectively. 

 

 
Fig.14 Representative BSE image with corresponding EDS spectra, and stereo 
microscopic image for magnetic fraction at 1.5A (a), (b) respectively, almandine 
(c), pyroxene (d), leucoxene (e). 
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3.2.2.4. Magnetic fraction at 2.5 A 

The heavy fraction of the Ibib samples contains a 1.99% mass 
magnetic fraction at 2.5A. The SEM results (Fig. 15a) and stereo 
microscopic image (Figure 15b) proved that this fraction contained 
mainly heavy silicate minerals, in addition to the presence of monazite 
which is confirmed in Figure 15c.  

3.2.2.5 Non-magnetic fraction at 2.5 A 

The Ibib heavy fraction contains about 12.02% of the mass of the non-
magnetic fraction at 2.5A. The SEM data in Figure 16a proved that the 
main elemental content was Ti (31.0%), Si (27.0%), Ca (19.5%), Zr 
(8.5%), and Hf (0.8%). The stereo microscopic image in Figure 16b as 
well as the SEM data in Figures 16c, d, e, and f confirmed that stistaite, 
sphene, rutile, and zircon were the main minerals in this fraction. A 
schematic sequence for processing and separating economic heavy 
minerals from the Ibib stream sediments sample is depicted as a flow 
sheet in Figure 17. 

 
 
 

 
Fig.15 Representative BSE image with corresponding EDS spectra, and stereo 
microscopic image for magnetic fraction at 2.5A (a), (b) respectively; monazite (c). 

 
Fig. 16 Representative BSE image with corresponding EDS spectra, and stereo 
microscopic image for non- magnetic fraction at 2.5A (a), (b) respectively, stistaite 
(c), sphene (d), rutile (e), zircon (f). 

4. Conclusion 

The integration of the EDXRF analyzes data with the results of 
magnetic fractionation to calculate the content of heavy minerals in the 
Wadi Ibib area, assuming its stoichiometric composition resulted in the 
content of ilmenite reaching 0.2%, zircon 0.08%, rutile 0.07%, leucoxene 
0.06%, almandine garnet 0.022%, cassiterite 0.007%, xenotime 0.006%, 
monazite 0.0008 %, and magnetite at about 0.29%. 

As for the results of the different processes of physical upgrading, 
they showed that the gravity separation process succeeded in raising the 
heavy mineral assay from 12.17% in the head sample to 53.41% in the 
final concentrate with a yield of 20.38%. The scavenging stage also 
showed its importance and effectiveness, because it raised the recovery 
rate from 61.73 % for the roughing stage to 80.42% after the two rounds 
of scavenging stages. The final step to separate the different concentrates 
of economic minerals was carried out using a dry high-intensity 
magnetic separator from the Carpco at different current strengths 
(amps) to obtain clean heavy mineral concentrates, such as magnetite, 
ilmenite, leucoxene, rutile, and zircon. 
 

 

 
 

Fig. 17 Flow sheet with material balance for the recovery of economic heavy minerals from the Ibib head samples. 
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