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ABSTRACT 
The Egyptian black sands contain several economic minerals; the most important 

are ilmenite, magnetite, garnet, zircon, rutile and monazite. During the concentration and 
separation of a high-grade rutile concentrate, a bulk magnetic fraction was obtained and 
composes mainly of individual titanhematite grains, ferriilmenite-titanhematite exsolved 
intergrowthed grains, magnetic leucoxene, chromite and magnetic rutile. The latter 
represents 6 wt. % of the bulk magnetic fraction or - 4 wt. % of the original rutile content 
in the raw sands. Most of the magnetic rutile varieties are primary rutile grains 
contaminated with opaque zones present as inclusions, staining-coating andlor forming 
with rutile composite locked grains. These rutile varieties have magnetic characters range 
from strong-moderate paramagnetic to very weak paramagnetic. Twenty three polished 
grain surfaces representing most of the magnetic rutile var~eties were investigated using 
Cameca SX-1 00 electron microprobe where 193 spots were analyzed. The calculation of 
the average chemicai composition of the identified magnetic rutile especially for TiOz, 
FezO3, SOz ,  A120;, CaO and Cr2Q3, gives 66.34%, 21.71%, 6.39%, 1.8%, 1.19%, and 
0.1%, respectively. According to the obtained microprobe chernical analyses, the 
magnetic rutile varieties were found to consist rutile, titanhematite, pseudorutile, leached 
pseudorutile, and ilmenite in a decreasing order of abundance. Some inclusions were also 
detected in the different magnetic rutile varieties. They are composed most probably of 
garnet, silicon dioxide, amphibole, ilmenite, feldspar, mica and zircon. These inclusions 
reflect the derivation of magnetic rutile from var io~~s crystalline igneous and ~neta~norphic 
rocks. The mass magnetic susceptibilities of the various investigated magnetic rutile 
varieties are governed by the associated mineral species and size of their corresponding 
zones in comparison to the rutile minerai component, in addition also to both of type and 
size of the associated mineral inclusions. If the content of the n~agnetic rutile varieties are 
included inside the final high grade rutile concentrate, it will affect the marketable 
specification and hence its salable prices. These magnetic primary rutile varieties are 
recommended to be blended with magnetic leucoxene or some types of the Egyptian 
beach ilmenite concentrates to improve their overall marketable specifications especially 
for both of Ti, Fe and Cr contents. 
Key words: 
Magnetic rutile, magnetic susceptibility, pseudorutile, titanhematite, exsolution 
intergrowths. 
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INTRODUCTION 
The Egyptian black sands extend along the Mediterranean coast from Abu 

Qir to the west, to Rafah to the east. Most of these deposits are present now either 
as beach sediments or sand dunes. The east Rosetta area contains relatively 
enriched beach black sands. Rutile content in these beach black sands ranges fi-om 
0.05wt. % in the most upper meter to 1.5wt. % in the naturally highly 
concentrated surfacial beach black sands (maximum depth of 20 cm) in the eroded 
areas. 

Many authcrs delt with studying the mineralogical characters of the 
Egyptian beach rutile e.g. El Hinnawi (1 964); Kamel (1 964); Zaghloul and Kame1 
(1966); Hammoud (1966 & 1973); The Egyptian black sand's company (1969); 
Dabbour (1980 & 1997); Mohamed (1987); Naim et al. (1 994); Moustafa (1 995 & 
1999); Dewedar (1998); Bishady et al. (2004) and others. 

Kamel (1964) stated that "leucoxene, ilmenite andlor hematite 
replacements have been recorded among some of the altered rutile grains". He 
explained that leucoxene commonly occurs in irregular patches in some rutile 
grains, while each of ilmenite or hematite is rare. Kamel (op. cit.) also explained 
that minute opaque iron ore crystals, zircon-like crystals and gas cavities are the 
different recorded inclusions in rutile grains of Rosetta black sands. 

Hammoud (1973) explained that the ferriferous rutile variety represents 
4.2% of the Egyptian beach rutile concentrate, and most of the particles were 
found to be composite in nature; displaying exsolution intergrowths and granular 
aggregates in polished sections. The exsolution intergrowths consist of rutile-- 
ilmenite, rutile---hemcltite and rarely ilmenite-rutile. On the other hand, the 
granular aggregates composed mainly of rutile and ilmenite in an irregular or 
oriented way. 

Using both of wet-gravity concentration, high-tension electrostatic 
I 

separation and both low and high intensity magnetic separation techniques, most 
of the individual economic mineral concentrates from the Egyptian black sands 
can be obtained with marketable grades and accepted recoveries (Hammoud, 
1966, 1973 and Moustafa, 1999,2003 and 2007). 

In the present work, 100 tons of raw sands were collected from the most 
top meter from an area located after 7 km to the east of Rosetta estuary (Fig. 1). 
Using the flowsheet shown in Fig. (2), a final high--grade rutile concentrate 
assaying 99.3% with an overall recovery of 88.2% was obtained in the final non- 
magnetic fraction (Fig. 2). 

In this paper, the optimum adjustment of operating conditions for the 
high-intensity magnetic separator, to remove most of the magnetic rutile varieties 
affecting the quality of the magnetically upgraded final rutile concentrate was 
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predicted. Both of the chemical analysis, the identified corresponding mineral 
components and so111c of the associated inclusions were detected for 23 grains 
representing thc t a l~ous  magnetic rutile varieties. 

I'IXHNIQUES & METHODS 
'l lC~'lINl()~JKS 
Concenli ation and separation equipments 

Utilizing the differences in physical properties between the different 
['gyptian economic beach minerals, the collected raw sands were processed using 
the following equipments: the Full size Wilfley shaking tables for wet-gravity 
concentration, the 

Carpco (HP 167) high-tension roll-type electrostatic separator for high 
tcnsion electrostatic separation, the Reading cross-belts magnetic separator, the 
Carpco (MIH 

13-23 1-100) industrial high intensity induced roll magnetic separator, and 
the laboratory Carpco (MIL H 13- 1 1 1-5) high intensity lift-type magnetic separator 
for magnetic separation. 

Kg. 1: Map showing the occurrences of the Egyptian black sands along 
the Mediterranean coast of Egypt. 

Microprobe analysis 
The polished sections of the identified magnetic rutile varieties were 

examined by electron microprobe analyzer, using the Cameca SX-100 electron 
microprobe analyzer (EMPA), in the Institute of Mineralogy and Crystal 
Chemistry, Stuttgart University, Germany The microprobe instrument is equipped 
with three wavelength dispersive spectrometers (WDS) and an energy dispersive 
spectrometer (EDS). The whole surface of the polished sections was examined by 
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back scattered electron (ME) images so that most of magnetic rutile grains with 
e.g. 10 pm size; or even smaller could be detected. The analytical conditions were 
15 kv accelerating voltage; 15nA electron current; 180s counting time for each 
analyzed spot in the investigated grains and a focused electron beam diameter of 1 
to 4 pm. The following standards were used: diopside for Mg and Ca, albite for 
Na, Corundum for Al, orthoclase for Si and K, rutile for Ti, rhodonite for Mn, 
Fe203 for Fe, zircon for Zr, Hf for Hf, Cr203 for Cr and sphalerite for Zn. Lines 
used for analysis were L a  for Zr, M a  for Hf and K a  for each of the other 
analyzed elements. 

Polished sections and binocular microscope were also used for 
investigating the studied magnetic rutile. 

METHODS 
The Separation of magnetic rutile varieties. 

The collected raw sands which contain 0.07% rutile were screened using a 
1 mrn screen aperture, to remove the coarse materials (-1-lmm). The undersized 
fraction was deslimed, that the deslimed raw sands were concentrated using the 
available shaking tables where considerable contents of the gangue minerals 
including amphiboles and pyroxenes (green silicates) in addition to quartz were 
removed in a final tailing fraction (Fig. 2). The tabled concentrate contains 1.2% 
rutile and most of the other economic beach minerals. Magnetite can be removed 
using the low intensity magnetic drum separator. The non-magnetic fraction was 
treated using Reading cross-belts magnetic separator where most of ilmenite and 
garnet are obtained in the various magnetic fractions (Fig. 2), while both of 
zircon, rutile and monazite in addition to some of green silicates and remaining 
quartz are obtained in the non--magnetic fraction (Fig. 2). The non--magnetic I 
fraction containing 5.8% rutile was subjected to a circuit of shaking tabling to 
remove the majority of the associated gangue minerals in a final tailing fraction. 
The obtained tabled concentrate containing 11.45% rutile, was subjected to a 
circuit of high-tension electrostatic separation where most of zircon and monazite 
are obtained in the non-conductor fraction, while most of the rutile is obtained in 
the final conductor fraction. Rutile represents 54.4 wt. % of that fraction. To 
remove most of the magnetic contaminants associated with rutile, including 
primary magnetic rutile varieties, individual titanhematite grains, ferriilmenite- 
titanhematite exsolved intergrowthed grains, magnetic leucoxene, and chromite, 
the conductor rutile fraction was subjected to three stages of magnetic separation 
using the industrial high-intensity induced roll magnetic separator. The concluded 
optimum adjustment of operating conditions is as follows: 10 mm air gap of the 
escalping magnet and 6 mm air gap for each of the second and the third magnets. 
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The feeding rate was one toidhour, the used ampere was 4 and the rotor speed was 
160 r.p.m. Most of the hematite and magnetic leucoxene in addition to minor 
rutile varieties are dominated in both of the obtained first and second magnetic 
fractions. The majority of magnetic rutile varieties are dominated in the obtained 
third magnetic fraction. The magnetic rutile varieties represent 6 wt. % of the 
obtained successive three magnetic fractions and = 4% of the original rutile 
content. 

RESULTS AND DISCUSSION 
Investigating the magnetic rutile varieties under the binocular microscope 

indicates that most of these grains are composed of primary rutile zones 
characteristic by transparent to translucent dark red, red, orange and yellow 
colours (Fig. 3). The grains contain small to large opaque incl~~sions, coatings or 
staining parts. Other grains seem to be composite of rutile and opaque materials 
(Fig. 3). 
The identified mineral varieties: 

Trying to differentiate between the magnetic rutile varieties, a 
representative sample of the bulk magnetic fraction was talten and magnetically 
differentiated using the laboratory lift-type high-intensity magnetic separator at a 
definite adjustment of operating conditions and using ampere values of 0.4, 0.8, 
1.5 and 3. A representative sample of each obtained magnetic fraction was talten 
and the magnetic rutile varieties were picked, polished and investigated. 

Six grains (GI to G6, Fig. 4) of the 0.4 ampere magnetic fraction, eight 
grains (G7 to G14, Fig. 5 )  of the 0.8 ampere magnetic fraction, four grains (GI5 
to G18, Fig. 6) of the 1.5 ampere magnetic fraction and five grains (GI9 to G23, 
Fig. 6) of the 3 ampere magnetic fraction were investigated. 

The detected spots in the investigated grains were analyzed for Na20, 
K20, CaO, A1203, Si02, Ti02, MnO, MgO, Cr203, ZnO, Zr02, Hf02 and Fe. Iron 
was calculated as FeO in case of the identified ilmenite spots, while it was 
calculated as Fe203 allover other identified cases. The obtained results are shown 
in Table (1) and are summarized in Table (2). 

It was detected that most of the analyzed spots in the rutile mineral 
components are almost homogenous and composed mainly of Ti02 (mostly more 
than 98% Ti02). Minor spots have appreciable contents of A1203 or Fe203. 
The 0.4 ampere magnetic fraction: 

The investigated grains are composed of rutile (GI); rutile, pseudorutile 
and altered ilmenite (G2); rutile and pseudorutile (G3); rutile and titanhematite 
including lamellae of pseudorutile and pseudobrookite (G5) and rutile and 
titanhematite including exsolved ferriilmenite, G6 (Fig. 4 & Table 1). 



The G4 grain was identified as sphene replacing for ilmenite; containing a 
relatively high content of MnO, 8.2 and 7.1 1 Wt. % respectively (spots 21 and 22, 
Fig. 4 & Table 1). Mikhail (1971) explained that complete absence of' either 
cavities or cracks between ilmenite and sphene indicates that the replacement 
process took place 
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Fig. (2): A simplified flowsheet showing the various concentration and separation 
steps for obtaining the high-grade Egyptian beach rutile concentrate 
and the bulk magnetic fraction. The given percentages are 
corresponding to the rutile grades in each of the obtained fractions. 
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Fig. (3): Dark red, red, orange and yellow primary magnetic rutile grains associated 
with opaque regions of different sizes, shapes, and orientations. Binocular 
.microscope, X 60 
volume by volume. According to Ramdohr (1940, 1956), sphene is developed by 
magmatic resorption or hydrothermal action. 
It seems that the pseudorutile of G3 is due to rapid high temperature alteration affecting 
preexisting ilmenite. The reasons are almost constant chemical composition as regards to 
Ti02, Fe203, MnO and Cr203 and the smooth boundary betweenpseudorutile and 
.rutile 

Fig. (4): Back scattere.d electron images (BSE) of the investigated magnetic rutile 
gains from the obtained 0.4 ampere magnetic fraction. 



Fig. ( 5 ) :  Hack scattered electron images (BSI!) of the invcstigatcd magnctlc rutile 
grains from the obtained 0.8 ampere magnetic fraction. 

Fig. (6): Hack scattcrcd elcctron images ( U S E )  of the investigated I-utile grains SI-om thc 
obtaincd 1.5 ampere magnetic fraction ((315, Gl6, G17 & G18), and from the 
obtained 3 ampere magnetic fi-action ( G19 to G23). 
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The analyzed ilmenite spot (spot 11 in G2), indicates the composition of 
53.45% Ti02, 21.33% FeO and 24.54% MnO. The remainkg oxides represent 
only 0.3%; the total oxides equal 99.62%. The Ti02 content is almost similar to 
that characteristic for ilmenife or pyrophanite. Then, the most probable 
mineralogical composition of the spot is a solid solution between ilmenite 
(FeTi03), and pyrophanite (MnTi03). 

Investigating the contents of MnO% in ilmenite-pyrophanite spot (1 l), 
leached ilmenite spot (12), and the analyzed pseudorutile spots in G2 and MnO% 
contents in ilmenite replaced by sphene (spots 20 & 21, Fig.4 and Table 1) may 
indicate that ilmenite containing relatively high contents of MnO that reflects a 
relatively high ability for alteration. 

In G5, it is obvious that the titanhematite surrounding the pseudobrookite 
(spot 40) shows a relatively low Ti02 content than that surrounding the 
pseudorutile (spot 42, Fig. 4 and Table 1). 

I 

Balsley and Buddington (1958) and Boctor (1966) explained that in 
titanhematite; Fe203 with 5-10% Ti02 as FeTi03 up to about 13% plus excess 
TiOz up to about 3% in solid solution. In fact, some of the analyzed titanhematite 
spots, in G5 and G6; have Ti02 contents more than 10%. Therefore, the recorded 
ferriilmenite lamellae (Spots 68 & 69 in G6, Fig. 4) represent the unmixed excess 
of FeTi03 that present originally in solid solution with hematite. Also, the two 
rutile spots (50&54) in G6 (Fig. 4 and Table 1) may reflect the substitution of 
Ti02 by &03. 

The 0.8 ampere magnetic fraction: 

The investigated grains were identified to be composed of rutile (G7, G8, - GI0 and (312); rutile and titanhematite including ferriferous rutile; spots 81 and 
85, (G9); d l e  and ilmenite (G11) and finally individual pseudorutile prisms 
G13&G14 (Fig.5, Table 1). 
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Table (1): Electron microprobe analyses of the investigated grains from 
the  various 

I_ 

Ti02 - 
99.20 - 
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85.43 - 
72.13 
14.58 - 
1.71 - 
1.69 - 
1 A0 - 
43.68 
31.82 
1p.53 
17.43 
9.24 

9.'14 
8.71 
49.66 
50.10 
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100.17 
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53.92 
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3.27 
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65.01 
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Table ( I ) :  Electron microprobe analyses of the investigated grains from - - 
the various magnetic rutile varieties. 

# The identified inc%usierns. 

FeO - 

39.6! 
42.6i 

41.6: 
44.7c 
84.94 
65.07 
84.08 

- - 
Fe& 
33.91 
0.51 
0.4t 
0.4; 
0.4: 
0.61 

23.12 
32.4C 
3l.lC 

0.41 
0.46 
0.37 

41.38 
0.07 
0.01 
0.01 

13.99 
15.29 
13.79 
14.02 
14.39 
0.49 
0.47 

36.79 
28.97 
15.47 

- 
W 
0.01 
0.01 
0.01 
0.02 
OR3 
OAO 
0.01 
0.05 
0.02 
0.01 
o a i  
0.01 
OR1 
0.00 
0.01 
0.03 
0.00 
0.02 
0.03 
0.00 
0.00 
0.00 
0.02 
0.09 
0.05 
0.11 
0.10 
D.09 
D.01 
mi 
0.02 
L O 4  
OA2 

S14 
0.18 
0.00 
0.00 
0.00 
0.00 
0.00 
0.11 
0.18 
0.09 
0.00 
0.00 
0.00 
0.00 
0.00 
0.33 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
1.02 
0.87 
0.97 
0.97 
0.98 
0.00 
o m  
0.07 
2.72 
1.25 

HfO, 110~ 

62.12 
99.48 
99.65 
99.69 
99.98 
98.95 
69.77 
63.36 
63.24 
54.04 
52.09 
99.33 
99.49 
99.04 
53.21 
53.75 
52.31 
52.55 
53.64 
57.99 
98.26 
98.89 
99.08 
76.43 
74.21 
75.97 
76.23 
76.04 
99.36 
ss.56 
58.47 
60.08 
77.31 

Icp 

0.00 
0.00 
0.00 
0.00 
0.00 
080 
0.01 
0.02 
0-00 
0.02 
0.01 
0-00 
0.01 
0.01 
0.03 
0.00 
0.00 
0.00 
0.02 
0.00 
0.01 
0.00 
0.00 
0.01 
a05 
0.01 
OR1 
OLIO 
0-00 
oai 
0.02 
0.09 
0.02 

ZnO 

0.01 
0.00 
0.01 
0.00 
0.00 
0.00 
0.07 
0.05 
0.05 
0.03 
0.05 
0.36 
0.00 
0.00 
0.15 
0.05 
0.10 
0.04 
0.05 
0.00 
0.07 
0.02 
0.06 
0.29 
0.16 
0.23 
0.25 
0.24 
0.00 

. . -  

Cr.0. 
0.06 
0.04 
0.02 
0.04 
0.05 
0.07 
0.01 
0.03 
0.04 
0.04 
0.07 
0.09 
0.05 
0.02 
0.00 
0.02 
0.04 
0.00 
0.02 
0.00 
0.01 
0.09 
0.05 
0.08 
0.03 
0.03 
0.05 
0.00 
0.05 

MnO 

0.35 
0.00 
0.02 
0.00 
0.00 
0.04 
0.18 
0.58 
0.90 
3.50 
4.21 
0.02 
0.00 
0.03 
1.38 
1.15 
1.35 
1.29 
1.19 
1.07 
0.01 
0.00 
D.00 
D.30 
0.52 
0.30 
1.34 
1.21 
1.00 

0.04 
0.11 
0.12 
0.10 
0.12 
0.07 
0.07 
0.03 
0.02 
0.05 
0.07 
0.05 
0.03 
0.03 
0.00 
0.09 
0.03 
0.06 
0.00 
0.10 
0.07 
0.09 
0.03 
3.11 
3.06 
3.07 
1.09 
1.13 
1.00 
1.07 
1.08 
!.07, 

0.07 1 97.65 1 Pseudorutile 
Total M, 

0.01 
0.00 
0.00 
0.03 
0.00 
0.06 
0.00 
0.02 
0.00 
0.00 
0.00 
0.01 
0.10 
0.02 
0.00 
0.00 
0.00 
0.00 
0.03 
0.00 
0.01 
0.07 
0.06 
0.00 
0.02 
0.06 
0.06 
0.01 
0.08 

MgO 
0.77 
0.00 
0.00 
0.00 
0.00 
0.01 
0.21 
0.21 
0.23 
0.16 
0.19 
0.01 
0.01 
0.00 
0.04 
0.03 
0.02 
0.03 
0.01 
0.01 
0.01 
0.03 
0.00 
0.22 
0.22 
0.22 
0.21 
0.19 
0.00 

- - - - -  
c;a, 

0.03 
0.00 
0.00 
0.01 
0.01 
0.02 
0.07 
0.10 
0.08 
0.01 
0.02 
0.01 
0.00 
0.01 
0.07 
0.00 
0.01 
0.00 
0.01 
0.01 
0.03 
0.02 
0.00 
053 
Od2 
0.53 
0.51 
053 
0.01 
0.00 
0.05 
0.18 
0.i2 

Mineral Component A1,4 
0.09 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.06 
0.04 
0.00 
0.00 
0.00 
0.00 
0.00 
0.09 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.75 
0.64 
0.74 
0.79 
0.73 
0.00 
0.00 
0.03 
0.92 
0.91 

100.07 
100.30 
100.32 
100.58 
99.86 
93.63 
97.12 
95.82 
97.48 
99.36 

100.00 
100.18 
99.52 
97.01 
99.73 
98.85 
99.03 
99.13 

100.47 
98.55 
99.20 
99.37 
93.75 
92.58 
93.02 
93.61 
93.49 

100.13 
100.26 
98.25 
95.38 
96.881 

Rutile 
Rutile 
Rutile 
Rutile 
Rutile 
Pseudorutile 
Pseudorutile 
Pseudorutile 
11menite 
Ilmenite 
Rutile 
Ruffle 
Rutiie 
llmenite 
llrnenite 
Ilmenite 
Ilrnenite 
Ilrnenite 
Leached ilmenite 
Rutile 
Rutile 
Rutlle 
Leached PSeudoNtile 
Leached PSe~doNtile 
Leached Pseudorutile 
Leached Pseudorutile 
Leached Pseudorutile 
Rutile 
Rutile 
Leached ilrnenite 
Pseudorutile 
Leached Pseudorutile 
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The magnetic characters of the detected rutile grains that seem to be 
homogenous and composed completely of rutile are due to one or more of the 
following reasons: 

Magnetic inclusions of micronized sizes. 

Inclusions in definite crystallographic orientations other than that of 
the detected polished area. 

The deviation fiom the 1 : 2 (Ti : 0 )  stoichiometry in synthetic rutiles, 
grown or heated under reducing conditions or doped with various 
impurities that give rise to a variety of interesting optical and 
electronic properties that have been extensively studied (Strawmanis et 
al., 1961; Johnson et al. 1968; and Khomenko et al. 1998). Such 
deviation in Ti : 0 ratio my be also affects the magnetic characters of 
these rutiles. 

On the other hand, the two detected prismatic crystals of individual 
pseudorutile (G13 & G14) seem to be of primary origin. They have characteristic 
chemical contents where A1203 are 1.25 and 1.72%, MgO are 6.51 and 7.23%, and 
Cr203 are 0.48 and 0.96%, respectively. Also, relatively greater sum total oxide 
contents (97.8 1 and 99.24%) in addition to the euhedral -subhedral crystal habits. 

The 1.5 ampere magnetic fraction: 

The identified grains were composed of rutile and titanhematite that 
including exsolved ilmenite lamellae (G15), rutile and pseudorutile (G16); rutile 
and ilmenite (GI 7), and rutile, pseudorutile and leached pseudorutile; G18 (Fig. 6 
& Tables 1,2). In these cases, the analyzed spots of pseudorutile seem to be of 
secondary origin after ilmenite. The reason is the relatively lower sum of total 
oxides and the characteristic MnO contents which are similar to those detected 
within the analyzed spots of the associated identified ilmenite (spots 129&13 1 in 
G 17, Fig. 6). 

According to Temple (1966), the oxidation and partial removal of iron 
from ilmenite lattice results in the formation of pseudorutile which contains (65- 
70%) TiOz at the complete oxidation stage of the original iron in the ilmenite. 

Gevorkyan and Tananayev (1 964), explained that within the pseudorutile 
composition range (60-71% Ti02), the water content increased fiom - 2 to 4.5 
wt.% with decreasing iron oxide content. They proposed that the intermediate 
alteration phases comprise mixtures of Ti02 with iron hydroxides. On the other 
hand, Gery et al. (1994) stated that pseudorutile ~ e ~ ~ '  Ti309 has recently been 
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revalidated as a mineral species with a hexagonal primitive unit cell. It is formed 
due to the alteration of ilrnenite by the removal of Fe2+. The electrostatic charge 
balance is maintained by oxidation of the remaining iron to ~ e ~ +  andfor the 
addition of H+. If the Fe2+ is removed in any regular pattern, then the pseudorutile 
will show ordering. 

Frost et al., (1983), explained that pseudorutile may be an oxyhydroxide 
mineral with an extended range of homogeneity due to replacement of Fe3' by 
3 ~ '  giving the general formula Fe;f, Ti30n, (OH) 3,. Chernet (1999) and 
Chernet and Pakkanen (2003), identified the alteration product, which deviates 
substantially fiom the ideal ilmenite composition but not completely altered to 
pseudorutile, as leached ilmeriite. Further alteration of pseudorutile to leucoxene 
often shows an intermediate product identified as leached pseudorutile. Along 
with the advance of the alteration, the water content increases until the breakdown 
of a pseudorutile structure, which appears at the composition of about (77 - 79%) 
Ti02 and (9-12%) Fe203; the remaining percentage is mostly 60 molecules 
(Chernet, 1999). 

In fact, all the analyzed spots of pseudorutile and leached pseudorutile are 
in. agreement with most sf  the formentioned published results. The depletion of 
the sum sf the total oxides (from 92.34-94.36 % for spots 149- 5 55, G18), is due to 
the presence of water molecules which are c ~ r r e s p o n ~ g  t.= the added hydroxyl 
ims due to ihenite alteration into pseudomtile mdor  leached psembmtile. The 
contents of MnO% in ihenite and leached ilmenite ic GI7 and for pseudorutile 
and leached pseudorutile in GI8 (see Fig. 6 and TaKe f; e ~ y  indicate the hgh 
alteration ability of ilmenite containing relatively high contents sf MnO. 

Also, the analyzed leached pseudsrutiIle spots; 149 to 155, in GI8 (Fig. 6 
and Table I), may reflect the role of SOz, H2O3 and/or CaO in the process of 
ilmenite alteration. 

The 3 ampere magnetic fraction: / 

The identified grains were composed of mtiPe and pseudomtile (619); 
rutile and pseudorutile with relics of preexisting h e n i t e  (G20); nrtile and 
ilmenite (G21); rutile and leached pseudorutile (G22) in addition to rude with 
leached ilmenite, leached pseudorutile and ilrnenite; 623 (Fig. 6, Tables 12). 

In these cases, the pseudoruitle and leached pseudorutile are considered to 
be secondary in origin due to the alteration of preexisting ilmenite. Also, their 
chemical analyses are confirmed with the concepts of Chemet (1999) and Chemet 
and Pakkanen (2003). The contents of MnO% for ilrnenite and leached ilmenite in 
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G21 and for leached ilmenite, pseudorutile and leached pseudorutile in G23 (see 
Fig. 6 and Table 1) may ensure that ilrnenite containing relatively high contents of 
MnO has relatively high ability for alteration into leached ilmenite, pseudorutile 
followed by leached pseudorutile; which has the lowest MnO% content. 

It was noticed that for only the intermediate alteration product defined as 
leached pseudorutile (spots 184-188 in G22, Fig. 6 and Table 11, the contents of 
Si02, A1203 andfor CaO are relatively high. This may reflect the rule of one or 
more of these oxides in the later stages of pseudorutile alteration to give the 
relatively enriched Ti02 alteration products. 

3.2 The identified inclusions 

Several inclusions were detected in the various rutile grains. They include 
garnet, silicon dioxide, amphibole, ilmenite, feldspar, mica and zircon. These 
inclusions reflect the derivation of the studied magnetic rutilie fkom different 
crystalline igneous and metamorphic rocks. 

3.3 The magnetic characters of the studied rutile varieties. 

Concerning with the mass . magnetic susceptibilities of the various 
investigated rutile varieties, it can be concluded that both of the associated mineral 
component species and their corresponding sizes in relation to the associated rutile 
mineral component, govern the magnetic behaviour of these grains. The type and . 
size of the associated bncIusions are also considered another important factor 
affecting the magnetic behaviour of the grains. It is obvious that the  tile grains 
contain relatively high content of titanhematite, that may contain considerable 
contents sf dissolved TiOa and definite inclusion species of ilmenite, garnet and/or 
amphibole (G5 & G6, Fig. 4), have relatively high mass magnetic susceptibilities. 
It is clear that rutile grains containing for small parts of ilmenite (61 1, Fig. 5), or 
have titanhematite of relatively lower dissolved Ti02 contents (G9, Fig. 51, and do 
not contain appreciable parts of magnetic inclusions, have moderate magnetic 
characters as the identified individual pseudorutile grains (G 13 & G14, Fig. 5). 

The grains containing for relatively low contents of titanhematite ((315, 
Fig. 61, or ilmenite (G 17, Fig. 6),  andlor relatively low contents of pseudorutiIe 
(GI 6 & G18, Fig. 6), have weak magnetic characters. On the other hand, the 
grains of much low contents of pseudorutile, ilmenite andor contain only leached 
pseudorutile (G19, G20, (321, G22 & G23, Fig. 6), have the lowest magnetic 
characters. 
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3.4 The quality of the Egyptian beach m d e  rntile concentrate- 

The high grade rutile concentrate contains niore thvl97% Ti02 and most 
of the other analyzed minor oxides are within the accepted limits of marketable 
specification (Harnrnoud 1966 & 1973 and Moustafa, 1999). Neglecting the 
identified mineral inclusions in the studied magnetic rutile varieties and 
calculating the average chemical composition of the other analyzed spots, the 
following contents are obtained: Ti@, 66.34%, F&, 21.71%; Si&, 6.39%; 
A1203, 1.8%; CaO, 1.19% and Cr203, 0.10%.. Then, if the magnetic rutile varieties 
are included within the high - grade mtile concentrate, it may affect the 
marketable specification of the concentrate. It is recommended to blend these 
magnetic rutile varieties with magnetic leucoxene or with definite amounts of 
some types of the Egyptain ilmenite concentrates to improve the marketable 
specification especially for Ti, Fe and Cr. 

CONCLUSIONS 

During the concentration and separation of the Egyptian beach high-grade 
rutile concentrate, some magnetic rutile varieties are contained in the final 
obtained magnetic fractions. These varieties represent about 4% of the original 
rutile content in the raw sands. 

The identification of the different magnetic d e  varieties; using electron 
microprobe analyses revealed the following mineral cornponmts in a decreasing 
order of abundance: rutile, titanhematite, pseud~rutile~ leached pseudonrcile and 
ilmenite in addition to the existance of individual pseudorutile crystals which are 
most probably of primary origin. 

It was concluded that the ihenite which contains high Mn(9 contents has 
more ability for alteration into other mineral components characterized by 
relatively low MnO contents. 

Both of Si02, Ah03 and/or CaO may play important roles in ilmenite 1 
alteration process, especially in the final stages of alteration (e.g leached 
pseudorutile). 

Several mineral inclusions are detected7- they are composed most probably 
of garnet, silicon dioxide, amphibole, ilmenite, feldspar, mica and zircon. The 
identified inclusions may reflect the derivation of .the magnetic rutile varieties 
from various crystalline igneous and metamorphic rocks. 
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The mass magnetic susceptibilities of the different magnetic rutile varieties 
are governed by the types and amount of the associated mineral components, in 
addition to the type and size of contained inclusions. 

It is difficult to liberate the different mineral components; and inclusions, 
associsted with rutile using grinding followed by various ore dressihg techniques. 
Then, the removal of these magnetic rutile mineral varieties improve the quality of 
the obtained high-grade rutile concentrate. These varieties can be blended with 
definite amounts of magnetic leucoxene or some types of ilrnenite concentrates to 
improve their marketable specifications especially for Ti, Fe, and Cr. 
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