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Abstract-In addition to the grains of homogeneous ilmenite, 

ferriilmenite, hematite-ilmenite exsolved intergrowths, and the 

partially altered ilmenite grains, other textures are detected in 

the separated ilmenite concentrate. The grains of rutile-ilmenite 

exsolved intergrowth represent 0.8% of the detected ilmenite 

grains. The ilmenite component of this intergrowth is detected to 

be ferriilmenite associated with geikielite, pyrophanite, and 

rutile, with Cr2O3 content ranging between 0 and 0.5%. The 

exsolved rutile is ferriforrous rutile composed of rutile, hematite, 

geikielite, and pyrophanite, its Cr2O3 content ranging between 0 

and 0.4%. The detected individual titanhematite grains represent 

4.4% and include 3 textures arranged, in a decreasing order of 

abundance, as: ilmenite-hematite, rutile-hematite, and rutile-

ilmenite-hematite exsolution intergrowths. MgO and MnO have 

minimum values and they do not follow Fe2O3. In some 

homogeneous titanhematite or exsolved rutile-hematite, Fe2O3 

content may be replaced with SiO2. In all titanhematite 

intergrown textures, the Cr2O3 content ranges between 0 and 

0.1%. Only in the case of the titanhematite host with exsolved 

rutile, the contained MgO ranges between 1.2 and 5.3%. Some 

ferromagnetic titanhematite grains separated with the fraction of 

magnetite are detected. In these grains, the Cr2O3, MgO, and 

MnO contents range between 0-0.2, 0-3, and 0-1.4% respectively. 

Several varieties of chromite and chromspinel mineral grains are 

found and represent 1.1% of the detected bulk ilmenite grains. In 

these grains, the Cr2O3, MgO, V2O3, and Al2O3 contents range 

between 16.69-56.72%, 0.54-17.33%, 0.14-0.58%, and 1.33-

38.79% respectively. Although they are rarely met in the ilmenite 

concentrate, the relatively finer grain sizes could lead to the 

separation of some with ilmenite fraction rather than with the 

ferromagnetic one. It is concluded that the problem of high Cr2O3 

and Fe2O3 contents of the Egyptian beach ilmenite concentrate is 

not only a mineralogical problem, but also an ore-dressing one. 

Keywords-black sands; beach ilmenite; ferriforous rutile; 

titanhematite; martitization; exsolved intergrowth 

I. INTRODUCTION 

The placer deposits are very important sources of many 
economic minerals. The Egyptian black sands extend along the 
northern coastal stretch between Abu Qir to the west and Rafah 
to the east. These deposits contain 6 economic minerals: 

ilmenite, magnetite, garnet, zircon, rutile, and monazite. They 
are present either as beach sediments or as coastal sand dunes. 
Ilmenite alone reaches up more than 50% of the total. 
However, the original amount of materials transported by the 
river may be related to several variables such as the flow type 
and the sediment load [1]. Most ilmenite grains are found in 
fine and very fine sand-sized grains. In fact, the original grain 
size may affect the rate of mineral alteration [2]. The grain size 
becomes relatively coarser on moving from Rosetta to the west 
to Rafah to the east due to drifting by alongshore currents. 
Ilmenite also occurs in massive rock formations in the form of 
titaniferous ore, associated with hematite and magnetite [3]. 
Among the titanium minerals, only ilmenite, leucoxene, and 
rutile have significant importance [4-7]. The ilmenite ore is the 
main source for the production of metallic titanium and 
titanium containing compounds. The mineralogy of the 
Egyptian beach ilmenite has been studied in [8-15] among 
others. Many authors reported the relatively lower TiO2 content 
and relatively higher Fe2O3 and Cr2O3 contents and others 
reported the diversity of the mineralogical textures inside 
ilmenite grains. 

In the Egyptian black sand, the ilmenite content varies from 
less than 1% in the raw beach sand up to more than 50% in the 
naturally highly concentrated surfacial black sands. Most of the 
obtained Egyptian beach ilmenite concentrates are 
characterized by a relatively lower TiO2 content (44-46% of 
ilmenite's beach sand and 46-49% of ilmenite's sand dunes) and 
relatively greater Cr2O3 content (0.1-0.4%). Also, they have a 
relatively lower Fe

2+
/Fe

3+
 ratio and relatively higher MgO and 

MnO contents. Authors in [16] explained that the general 
break-even grade for ilmenite is considered to be 47 to 48% 
TiO2, a rise in the ratio from 51% to 54% TiO2 will, however, 
double profits.  

The trace element concentrations of ilmenite grains show 
enrichment in Cr and V contents indicating that these elements 
are probably hosted by ilmenite [8]. The Cr2O3 content is 
negligible in the lattice of the Egyptian beach ilmenite and 
hematite. However, up to 0.36% Cr2O3 was recorded in the 
whole concentrate analysis that could be due to accessory Cr-
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spinel minerals. The V content in the Egyptian ilmenite (av. 
0.3%), which probably affects the pigment brightness, is 
relatively high [17]. Hydrometallurgical and/or 
pyrometallurgical processes for converting the Egyptian beach 
ilmenite concentrate into a marketable product are investigated 
in [18-19]. The separation procedures of ilmenite and other 
economic mineral concentrates of the Egyptian beach sand and 
other deposits are explained in [15, 20]. To detect the reasons 
of the relatively higher Cr2O3 and Fe2O3 content in addition to 
the relatively lower TiO2 content of most of the obtained 
Egyptian beach ilmenite concentrates, most of the contained 
mineral textures within the ilmenite concentrate, associated 
with the other obtained magnetic fractions, will be investigated. 
Knowing such reasons, the process of ilmenite separation, the 
chemical specification of the obtained ilmenite concentrate, and 
its corresponding marketable value can be improved.  

II. MATERIALS AND METHODS 

A bulk sample of about 1000tons was collected from the 
surfacial naturally highly concentrated beach black sand at the 
Mediterranean coast, 7km east of the Rosetta estuary. The 
sample represents the raw sand in a 2km stretch with variable 
width of a few meters to 20m. The sand was manually scraped 
from the mantle to a depth ranging between 10-30cm. Using 
the difference in physical characteristics between the various 
economic minerals, the collected surfacial naturally highly 
concentrated beach raw sand was processed using the following 
equipment: Full- and Half-size Wilfley shaking tables for wet-
gravity concentration, Carpco (HP 167) high-tension roll-type 
electrostatic separator for electrostatic separation, Reading 
cross–belt magnetic separator, and the Carpco (MIH 13-231-
100) industrial high intensity induced roll dry magnetic 
separator for magnetic separation. Finally, a bulk conductor 
ilmenite fraction was obtained and was subjected to the 
refining magnetic stage using the Reading cross-belt magnetic 
separator, after which an ilmenite concentrate assaying 99.5% 
ilmenite grains was obtained. 

Four polished sections were prepared from 4 small 
representative samples and were studied under the reflected 
microscope and Cameca SX-100 microprobe instrument. They 
were taken from the obtained final ilmenite concentrate 
(including 2 obtained magnetic fractions of the reading 
separator), a representative sample of the obtained 
ferromagnetic fraction, a representative sample of all the other 
obtained magnetic fractions of the separator, and finally a 
representative sample of the obtained nonmagnetic fraction of 
the separator.   

The investigation of the different ilmenite grains was 
carried out by a Cameca SX-100 electron microprobe analyzer 
(EMPA), from the Institute of Mineralogy and Crystal 
Chemistry, Stuttgart University, Germany. The microprobe 
instrument is equipped with 3 Wavelength Dispersive 
Spectrometers (WDSs) and an Energy Dispersive Spectrometer 
(EDS). The whole surface of the polished sections was 
examined by Back Scattered Electron (BSE) images, so that 

ilmenite grains with 10m size or even smaller could be 
detected. The analytical conditions were 15kV accelerating 
voltage, 15nA electron current, 180s counting time for each 

analyzed spot in the investigated grains, and 1 to 4m diameter 
of the focused electron beam. 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, Fe2O3 

for Fe, Cr2O3 for Cr, V for V, and sphalerite for Zn. K lines 
were used for analysis. Also, a stereoscopic binocular 
microscope, a reflected-light polarizing microscope, Jones 
riffle splitters of various sizes, and containers of varies sizes are 
used.  

III. CALCULATION 

The calculation of Fe
3+

 content, the molecular formula of 
the contained ilmenite mineral components of the studied 
individual ilmenite grains, the methods of calculation of the 
different mineral components of the analyzed spots composed 
mainly of ferriilmenite and/or titanhematite with or without 
individual TiO2 (rutile), and the calculation of different mineral 
components of the analyzed ferriforous rutile are as those of 
[21].  

IV. RESULTS  

Homogeneous ilmenite, homogeneous ferriilmenite, 
hematite-ilmenite exsolved intergrown grains, and the partially 
altered ilmenite varieties are discussed in [21], while the 
remaining ilmenite textures are investigated in this paper. 
Various mineral textures are detected and analyzed. 41 
analyzed spots within 7 grains of rutilo-ilmenite exsolved 
intergrowthed grains are investigated. Several ilmenite grains 
were detected to enclose rutile exsolution lamellae that are 
frequently undulating and arranged in one direction and to 
somewhat similar to what is called “Blitz structure” described 
in [22]. However, the texture is clearer under crossed nicols 
and with colored images. The ilmenite chemical molecular 
formula and the corresponding mineral component fractions are 
calculated. The detected individual titanhematite grains 
represent 4.4%. 53 analyzed spots within 8 titanhematite grains 
were investigated. Normal hematite (pure Fe2O3), showing 
well-defined optical properties under the reflected light is very 
rare. Titanhemetite is sliglitly greyish white, showing a 
relatively lower reflectivity and is strongly anisotropic from 
bright slightly greyish white with pale yellowish tint to dull 
grey with faint bluish tint, rarely showing red internal 
reflections. However, titanhematite (Ti-rich hematite) is 
slightly darker and more greyish white than the primary and 
secondary hematite formed by martitization of magnetite or by 
the alteration of ilmenite. The ilmenite-hematite exsolution 
intergrowth is much less common than the hematite-ilmenite 
exsolution intergrowth. However, it is considered the most 
common exsolution intergrowth in the host titanhematite 
grains. In the present study, the host titanhematite mineral grain 
encloses exsolved lamellae of ferriilmenite oriented with their 
long axes parallel to the (0001) plane (Figure 1(1)). 

On the other hand, some titanhematite grains contain 2 
distinct size classes of ferriilmenite exsolution lamellae, an 
ordinary and a coarse type of intergrowth. In both cases, 
relatively finer ferriilmenite exsolution bodies are observed 
between the coarser bodies. Also, the very coarse ferriilmenite 
exsolution bodies may in turn contain very fine lamellae of 
titanhematite (Figure 1(2)). The same phenomenon was 
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observed in [23]. In rare cases, twinned ferriilmenite-
titanhematite individual components are observed where the 
exsolved ferriilmenite lamellae are arranged parallel to the 
(0001) plane of the host titanhematite in each component which 
has different oriented direction (Figure 1(3)). Also, some rare 
composite grains, consisting of differently oriented 
titanhematite grains are observed with exsolutions of 
ferriilmenite parallel to their basal planes (Figure 1(4)). 
Sometimes narrow rims or small parts of homogenous ilmenite 
occur on the borders of these titanhematite grains. Some of 
these titanhematite grains can also contain fine exsolution 
lamellae of rutile parallel to one or more of its (224

-
3) 

directions. 

 

 
Fig. 1.  Various ferriilmenite-titanhematite exsolved intergrowth samples, 

sometimes including rutile exsolved bodies: (1) Ferriilmenite-titanhematite 

exsolution intergrowth with the exsolved ferriilmenite lamellae parallel to the 

(0001) plane of titanhematite. Reflected light, ×100. (2) Two different sizes of 

exsolved ferriilmenite in the host titanhematite. The relatively coarser 

exsolved ferriilmenite lamellae contain very fine exsolved lamellae of 

titanhematite. Reflected light, ×100. (3) Two twinned ferriilmenite-

titanhematite exsolution intergrowths. The exsolved ferriilmenites show 

different oriented directions in relation to each other. Reflected light, ×100. (4) 

Granular aggregates of differently oriented titanhematite crystals, each of 

them containing exsolved ferriilmenite lamellae parallel to its basal plane. 

Some of them also contain fine lamellae of exsolved rutile. Reflected light, 

×100. (5) Titanhematite (greyish white) with rutile exsolutions (light grey) 

parallel to the (224-3) direction. Reflected light, ×100. (6) Ferriilmenite-

titanhematite exsolution intergrowth associated with exsolved rutile needles. 

The exsolved ferriilmenite (dark grey) is parallel to the (0001) direction, while 

the exsolved rutile (light grey) is parallel to the (224-3) direction. Reflected 

light, ×100. 

The second common exsolution intergrowth in the host 
titanhematite is rutile-titanhematite intergrowth. A considerable 
number of the detected titanhematite grains are not free of 
rutile exsolved lamellae. Fine needles of exsolved rutile were 
observed in up to 6 directions parallel to the (224

-
3) planes of 

the titanhematite (Figure 1(5)). The third common exsolution 
intergrowth in the host titanhematite is rutile-ilmenite-hematite 
exsolution intergrowth. In this case, some of titanhematite 
grains contain exsolved ferriilmenite lamellae which are pod-
shaped or spindle-shaped and are oriented in one direction 
parallel to the (0001) plane of the titanhematite. The exsolved 
ferriilmenite lamellae are associated with the exsolved fine 
needles of rutile which are arranged along 1, 2 to 6 directions, 
parallel to the (224

-
3) planes of the titanhematite, and are much 

more elongated than the exsolved ferriilmenite (Figure 1(6)). In 
most cases, the exsolved rutile needles cut the grain from side 

to side and are oblique to the direction of the ferriilmenite 
lamellae. The corresponding different mineral component 
fractions of the all the analyzed spots are calculated.   

Finally, 49 analyzed spots within 6 grains of ferromagnetic 
titanhematite associated with magnetite in its ferromagnetic 
fraction were detected. The hematite chemical formula and the 
corresponding mineral component fractions were calculated. 
Some of analyzed spots are corresponding to impurities of 
silica, calcite, altered silicate minerals, and pseudobrookite. 
The analyzed oxides of the detected spots include TiO2, FeO, 
Fe2O3, Cr2O3, MnO, MgO, Al2O3, V2O3, ZnO, SiO2, and CaO.  

V. DISCUSSIONS 

A. Rutile-Ilmenite Exsolution Intergrowth (0.8%) 

The rutile exsolutions in ilmenite are far less common than 
in titanhematite. These intergrowths of exsolved rutile are 
possibly the result of unmixing of a rutile-ilmenite solid 
solution, which must be very limited as the observed rutile 
lamellae are very few in number, extremely fine, while the 
intergrowth is very rare [14, 23-24]. This is in accordance with 
the results obtained in [25] for synthetic preparations, that not 
more than 6% TiO2 can exist in solid solutions in ilmenite at 
1050

o
C. However, 6 grains were detected for this exsolution 

intergrowth and their chemical compositions were investigated 
with the microprobe. It is noticed that the content of the 
exsolved rutile is relatively higher than that recorded in 
previous studies. 

 

 

Fig. 2.  BSE images of various rutilo-ilmenite exsolved intergrowth grains. 
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Spots 2, 3 of grain (1) of Figure 2 (Table I), are 
ferriilmenite with considerable amounts of geikielite and minor 
pyrophanite and rutile in solid solutions. In these spots, the first 
method (M1) of calculation is used to calculate the different 
mineral fractions of the two spots. Then, the mineral 
components of the two spots are: Spot 2: 64.42% ilmenite, 
22.9% hematite, 11.03% geikielite, 1.28% pyrophanite, and 
0.16% rutile and spot 3: 66.11% ilmenite, 21.60% hematite, 
10.14% geikielite, 1.28% pyrophanite, and 0.15% rutile. 

Spot 1 of grain (1) of Figure 2 (Table II) is titanhematite 
with considerable amounts of rutile and geikielite. It is 
composed of 69.48% hematite, 11.63% geikielite, 1.7% 
pyrophanite, and 16.9% rutile. Spot 4 is mostly ilmenite. Spots 

5-7 of grain (2) of Figure 2 (Table II) are ferriferous rutile 
composed mostly of rutile with considerable amounts of 
hematite (Fe2O3), ranging between 21.91% and 33.86%, 
geikielite, and pyrophanite mineral components. In these spots, 
the third method (M3) of calculation is used to calculate the 
different mineral fractions. Their mineral components are: Spot 
5: 33.86% hematite, 6.09% geikielite, 0.64% pyrophanite, and 
58.59% rutile, spot 6: 27.62% hematite, 4.18% geikielite, 
0.53% pyrophanite, and 67.21% rutile, and spot 7: 21.91% 
hematite, 2.42% geikielite, 0.43% pyrophanite, and 73.22% 
rutile. It is obvious that the content of TiO2 (rutile) decreases as 
the content of geikielite and pyrophanite increases. The same 
relation is detected between the exsolved rutile and the mixed 
hematite inside it. 

TABLE I.  MICROPROBE CHEMICAL ANALYSIS AND MOLECULAR FORMULAE OF THE ANALYZED SPOTS FOR THE RUTILO-ILMENITE EXSOLVED 

INTERGROWN GRAINS OF FIGURES 2, 3 
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Fig. 2 

(1) 

2 0.00 3.70 0.60 0.00 0.10 50.60 0.20 0.50 0.40 42.20 98.30 30.50 22.30 100.50 0.63 0.41 0.19 0.78 3 11.03 1.28 64.42 22.90 0.16 99.79 

3 0.00 3.40 0.60 0.00 0.10 50.20 0.20 0.50 0.40 42.20 97.50 31.30 21.00 99.60 0.65 0.39 0.17 0.79 3 10.14 1.28 66.11 21.60 0.15 99.27 

4 0.70 0.20 0.40 0.10 0.00 41.10 0.10 0.60 0.50 52.50 96.30 41.10 0.00 96.30 0.90 0.00 0.07 1.03 3 0.60 0.85 86.80 0.60 5.89 94.74 

Fig. 2 

(2) 

2 0.00 5.10 0.70 0.00 0.00 53.30 0.40 0.40 0.20 32.80 93.00 19.60 37.50 96.70 0.42 0.72 0.27 0.63 3 15.21 1.49 41.40 38.10 0.13 96.32 

3 0.00 9.30 0.80 0.00 0.10 47.80 0.40 0.40 0.20 36.20 95.30 15.00 36.40 98.90 0.30 0.66 0.42 0.66 3 27.73 1.70 31.68 37.00 0.23 98.35 

4 0.00 9.00 0.60 0.00 0.00 45.40 0.40 0.40 0.20 38.90 94.90 18.30 30.10 97.90 0.37 0.55 0.40 0.71 3 26.84 1.28 38.65 30.70 0.13 97.59 

Fig. 2 

(3) 

1 0.00 0.60 1.00 0.00 0.00 50.80 0.30 0.60 0.30 44.70 98.30 38.10 14.10 99.70 0.81 0.27 0.08 0.85 3 1.79 2.13 80.47 14.70 0.02 99.10 

2 0.00 3.10 0.60 0.00 0.10 48.60 0.30 0.60 0.30 46.10 99.80 35.30 14.90 101.30 0.72 0.27 0.16 0.85 3 9.24 1.28 74.55 15.50 0.15 100.73 

3 0.00 1.70 0.90 0.00 0.00 49.30 0.30 0.70 0.30 46.40 99.70 37.70 13.00 101.00 0.78 0.24 0.12 0.87 3 5.07 1.91 79.62 13.60 0.05 100.26 

4 0.00 5.70 0.50 0.00 0.00 45.20 0.30 0.60 0.40 46.80 99.50 31.30 15.50 101.00 0.63 0.28 0.25 0.85 3 17.00 1.06 66.11 16.20 0.12 100.49 

5 0.00 5.60 0.60 0.00 0.00 45.60 0.20 0.60 0.40 47.30 100.30 32.00 15.10 101.90 0.64 0.27 0.25 0.85 3 16.70 1.28 67.58 15.70 0.06 101.32 

Fig. 2 

(4) 

1 0.00 3.80 0.60 0.00 0.00 54.00 0.10 0.60 0.10 35.20 94.30 24.20 33.00 97.60 0.52 0.63 0.20 0.67 3 11.33 1.28 51.11 33.20 0.07 96.99 

2 0.00 7.10 1.10 0.00 0.00 44.60 0.10 0.40 0.00 43.00 96.40 24.90 21.90 98.60 0.51 0.40 0.31 0.79 3 21.17 2.34 52.59 22.00 0.05 98.15 

Fig. 2 

(5) 

1 0.00 9.10 0.30 0.00 0.10 37.00 0.10 0.70 0.40 49.20 96.80 27.60 10.40 97.90 0.56 0.19 0.37 0.89 3 27.14 0.64 58.29 10.90 0.15 97.11 

2 0.00 9.80 0.40 0.00 0.10 36.50 0.10 0.70 0.30 49.90 97.90 27.00 10.60 98.90 0.54 0.19 0.39 0.89 3 29.22 0.85 57.02 11.00 0.10 98.19 

3 0.00 9.10 0.40 0.00 0.00 36.50 0.10 0.70 0.40 50.20 97.30 28.40 8.90 98.20 0.57 0.16 0.37 0.91 3 27.14 0.85 59.98 9.40 0.13 97.50 

4 0.00 9.80 0.40 0.00 0.00 35.30 0.10 0.60 0.30 51.10 97.50 28.00 8.00 98.30 0.56 0.14 0.39 0.92 3 29.22 0.85 59.14 8.40 0.10 97.71 

5 0.00 7.70 0.40 0.00 0.00 35.00 0.10 0.80 0.50 52.80 97.30 33.30 1.80 97.50 0.68 0.03 0.32 0.97 3 22.96 0.85 70.33 2.40 0.08 96.62 

6 0.00 12.00 0.50 0.00 0.10 31.90 0.10 0.50 0.20 53.00 98.30 25.80 6.90 98.90 0.50 0.12 0.45 0.93 3 35.78 1.06 54.49 7.20 0.21 98.75 

7 0.00 7.30 0.30 0.00 0.00 34.70 0.10 0.70 0.50 53.30 97.00 34.60 0.10 97.00 0.71 0.00 0.30 0.99 3 21.77 0.64 73.08 0.70 0.03 96.21 

8 0.00 7.70 0.30 0.00 0.00 34.20 0.10 0.60 0.30 53.80 97.10 34.20 0.00 97.10 0.70 0.00 0.31 0.99 3 22.96 0.64 72.23 0.40 0.29 96.52 

Fig. 2 

(6) 

1 0.00 0.00 3.50 0.10 0.00 43.30 0.00 0.20 0.00 48.70 95.80 40.00 3.60 96.20 0.88 0.07 0.09 0.96 3 0.00 7.44 84.48 3.60 0.22 95.74 

2 0.00 0.10 5.00 0.00 0.00 41.40 0.00 0.30 0.00 49.50 96.20 39.30 2.30 96.40 0.86 0.05 0.12 0.97 3 0.30 10.63 83.00 2.30 0.09 96.32 

3 0.00 0.00 3.60 0.00 0.00 44.20 0.00 0.40 0.00 49.50 97.70 40.90 3.70 98.00 0.88 0.07 0.09 0.96 3 0.00 7.65 86.38 3.70 0.04 97.77 

4 0.00 0.00 3.30 0.00 0.10 43.90 0.00 0.30 0.00 49.50 97.20 41.10 3.10 97.50 0.89 0.06 0.08 0.97 3 0.00 7.02 86.80 3.10 0.10 97.02 

5 0.00 0.00 4.80 0.10 0.00 41.30 0.00 0.30 0.00 49.50 96.10 39.60 2.00 96.30 0.87 0.04 0.12 0.98 3 0.00 10.20 83.64 2.00 0.04 95.88 

6 0.00 0.00 3.40 0.00 0.10 43.50 0.00 0.40 0.00 49.50 97.00 41.00 2.80 97.20 0.89 0.06 0.09 0.97 3 0.00 7.23 86.59 2.80 0.07 96.69 

7 0.00 0.00 4.40 0.10 0.10 42.20 0.00 0.30 0.00 50.10 97.20 40.40 1.90 97.30 0.88 0.04 0.11 0.98 3 0.00 9.35 85.32 1.90 0.18 96.76 

Fig. 3 

1 0.00 0.00 3.60 0.10 0.10 47.10 0.00 0.60 0.00 44.80 96.30 36.40 11.90 97.50 0.79 0.23 0.10 0.88 3 0.00 7.65 76.88 11.90 0.20 96.63 

2 0.00 0.10 3.40 0.10 0.10 43.70 0.00 0.60 0.00 48.90 96.90 40.20 3.90 97.30 0.87 0.08 0.10 0.96 3 0.30 7.23 84.90 3.90 0.19 96.52 

3 0.00 0.00 4.20 0.00 0.00 43.00 0.00 0.50 0.10 48.80 96.70 39.50 3.90 97.10 0.86 0.08 0.11 0.96 3 0.00 8.93 83.42 4.00 0.06 96.41 

4 0.00 0.10 4.10 0.10 0.10 42.70 0.00 0.50 0.00 49.10 96.60 39.70 3.40 97.00 0.86 0.07 0.11 0.96 3 0.30 8.72 83.85 3.40 0.29 96.55 

5 0.00 0.10 4.40 0.20 0.00 43.10 0.00 0.50 0.00 49.20 97.60 39.50 4.10 98.00 0.85 0.08 0.12 0.96 3 0.30 9.35 83.42 4.10 0.27 97.45 

6 0.40 0.10 4.00 0.40 0.10 41.10 0.00 0.60 0.00 49.30 96.00 40.10 1.10 96.10 0.88 0.02 0.13 0.97 3 0.30 8.50 84.69 1.10 0.02 94.62 

7 0.00 0.00 4.30 0.00 0.00 42.00 0.00 0.50 0.00 49.40 96.30 40.10 2.20 96.50 0.88 0.04 0.11 0.97 3 0.00 9.14 84.69 2.20 0.05 96.08 

8 0.00 0.10 4.40 0.10 0.10 42.00 0.00 0.50 0.00 49.50 96.70 39.70 2.60 97.00 0.87 0.05 0.12 0.97 3 0.30 9.35 83.85 2.60 0.23 96.33 

9 0.00 0.10 3.80 0.00 0.20 41.40 0.00 0.60 0.00 49.50 95.50 40.50 1.00 95.60 0.89 0.02 0.10 0.98 3 0.30 8.08 85.54 1.00 0.15 95.07 

10 0.00 0.00 4.00 0.00 0.10 43.50 0.00 0.50 0.10 49.60 97.90 40.40 3.40 98.20 0.87 0.07 0.10 0.96 3 0.00 8.50 85.32 3.50 0.18 97.50 

11 0.00 0.00 3.90 0.00 0.10 42.90 0.00 0.60 0.30 50.00 97.80 40.80 2.30 98.10 0.88 0.04 0.11 0.97 3 0.00 8.29 86.17 2.60 0.22 97.29 

12 0.10 0.10 3.70 0.10 0.10 39.40 0.00 0.50 0.00 50.40 94.50 39.40 0.00 94.50 0.88 0.00 0.11 1.01 3 0.30 7.87 83.21 0.00 2.24 93.62 

13 0.30 0.10 3.20 0.10 0.00 39.50 0.00 0.60 0.00 50.60 94.30 39.50 0.00 94.30 0.88 0.00 0.10 1.02 3 0.30 6.80 83.42 0.00 3.01 93.53 
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TABLE II.  CALCULATED DIFFERENT MINERAL COMPONENT FRACTIONS OF EACH ANALYZED SPOT OF OF THE RUTILO-ILMENITE EXSOLVED INTERGROWN 

GRAINS OF FIGURES 2, 3 

Grain Spot SiO2 MgO MnO CaO ZnO FeO Al2O3 V2O3 Cr2O3 TiO2 Total Gek Pyr H R Total 

Fig. 2 

(1) 

1 0.20 3.90 0.80 0.10 0.00 59.10 1.30 0.70 2.50 25.50 94.10 11.63 1.70 69.48 16.90 99.71 

5 0.00 2.00 0.30 0.00 0.00 30.10 0.10 0.50 0.30 63.00 96.40 6.09 0.64 33.86 58.59 99.18 

6 0.00 1.40 0.20 0.00 0.10 24.50 0.10 0.60 0.30 70.30 97.40 4.18 0.53 27.62 67.21 99.54 

7 0.00 0.80 0.20 0.00 0.00 19.30 0.10 0.50 0.30 75.00 96.40 2.42 0.43 21.91 73.22 97.97 

Fig. 2 

(2) 

5 0.00 1.60 0.10 0.00 0.10 19.20 0.20 0.60 0.10 75.10 97.00 4.82 0.27 21.59 71.78 98.46 

6 0.00 0.50 0.10 0.10 0.00 7.30 0.00 0.80 0.10 88.50 97.40 1.56 0.2 8.23 87.41 97.4 

Fig. 2 

(3) 

6 0.00 0.10 0.40 0.00 0.00 23.20 0.30 0.80 0.40 70.90 96.20 0.42 0.82 26.44 70.21 97.89 

7 0.00 0.70 0.30 0.00 0.00 19.50 0.20 0.70 0.20 75.40 97.20 2.17 0.6 22.11 73.69 98.56 

Fig. 2 

(4) 

3 0.00 1.50 0.30 0.00 0.00 25.20 0.00 0.60 0.00 68.20 95.90 4.38 0.71 28.07 64.91 98.07 

4 0.00 0.70 0.10 0.00 0.00 17.20 0.00 0.70 0.10 78.80 97.60 2.17 0.14 19.16 77.33 98.8 

5 0.00 0.00 0.10 0.00 0.00 1.20 0.00 0.60 0.00 96.30 98.20 0.05 0.12 1.37 96.18 97.72 

6 0.00 0.00 0.00 0.00 0.10 1.20 0.00 0.70 0.00 96.60 98.60 0.05 0.02 1.34 96.54 97.95 

Fig. 2 

(5) 

9 0.00 5.60 0.20 0.00 0.00 21.80 0.10 0.70 0.20 68.70 97.30 16.55 0.48 24.53 57.5 99.07 

10 0.00 4.80 0.20 0.00 0.00 20.60 0.00 0.80 0.30 71.20 97.90 14.24 0.36 23.24 61.61 99.45 

11 0.00 4.10 0.30 0.00 0.00 19.00 0.00 0.80 0.30 73.00 97.50 12.27 0.57 21.38 64.54 98.76 

12 0.00 4.10 0.20 0.00 0.00 18.50 0.10 0.80 0.20 73.70 97.60 12.11 0.52 20.81 65.43 98.87 

13 0.00 2.80 0.10 0.00 0.10 16.40 0.00 0.80 0.20 77.40 97.80 8.25 0.25 18.48 71.77 98.76 

14 0.00 3.60 0.20 0.00 0.00 15.70 0.00 0.80 0.20 77.70 98.20 10.65 0.33 17.66 70.5 99.14 

15 0.00 3.10 0.20 0.00 0.10 12.90 0.00 0.80 0.10 80.60 97.80 9.17 0.37 14.53 74.33 98.39 

Fig. 2 

(6) 

8 0.00 0.00 0.10 0.00 0.00 25.40 0.00 0.50 0.00 69.80 95.90 0.12 0.28 28.23 69.57 98.2 

9 0.20 0.20 0.20 0.20 0.00 16.30 0.50 0.50 0.00 72.10 90.10 0.45 0.49 18.57 71.54 91.05 

10 0.00 0.10 0.10 0.00 0.00 6.10 0.00 0.60 0.00 91.80 98.80 0.17 0.21 6.85 91.62 98.85 

11 0.00 0.00 0.10 0.00 0.10 5.30 0.00 0.70 0.00 93.50 99.70 0.1 0.11 5.95 93.34 99.5 

Fig. 3 

14 0.00 0.10 0.10 0.00 0.00 23.30 0.00 1.10 0.10 71.90 96.50 0.21 0.21 25.96 71.62 98 

15 1.20 0.20 0.20 0.90 0.10 7.20 1.00 1.00 0.00 80.40 92.20 0.69 0.47 9 79.7 89.86 

16 1.80 0.40 0.20 1.20 0.00 6.10 1.40 1.00 0.00 81.20 93.40 1.19 0.41 8.22 80.19 90.02 

17 0.40 0.30 0.10 0.40 0.00 9.70 1.20 1.10 0.00 81.30 94.50 0.8 0.27 11.94 80.61 93.63 

18 0.00 0.10 0.00 0.00 0.00 12.10 0.00 0.90 0.10 83.20 96.50 0.26 0.07 13.53 83.02 96.88 

19 1.40 0.30 0.20 1.00 0.00 4.10 1.20 1.10 0.00 83.60 92.70 0.84 0.36 5.69 82.84 89.73 

20 0.10 0.10 0.00 0.20 0.00 9.50 0.10 1.00 0.00 85.50 96.50 0.43 0.06 10.6 85.23 96.32 

21 0.00 0.10 0.10 0.20 0.00 9.20 0.00 0.90 0.00 86.40 96.80 0.17 0.11 10.28 86.26 96.83 

22 0.00 0.10 0.00 0.00 0.00 9.60 0.00 0.90 0.00 86.70 97.50 0.29 0.09 10.75 86.46 97.58 

23 0.00 0.10 0.10 0.10 0.10 6.90 0.10 1.10 0.00 88.70 97.10 0.2 0.16 7.73 88.5 96.59 

24 0.10 0.10 0.00 0.10 0.00 6.60 0.00 1.00 0.00 89.00 96.90 0.27 0.08 7.32 88.76 96.42 

25 0.00 0.10 0.00 0.00 0.00 5.80 0.00 0.90 0.00 90.70 97.60 0.4 0.07 6.43 90.38 97.28 

26 0.00 0.00 0.10 0.10 0.00 4.10 0.00 1.00 0.00 90.80 96.10 0.12 0.14 4.59 90.67 95.53 

27 0.10 0.00 0.10 0.10 0.00 5.10 0.20 1.10 0.10 91.20 97.90 0.11 0.22 5.91 90.97 97.21 

28 0.00 0.10 0.10 0.10 0.00 4.70 0.00 0.90 0.00 91.40 97.30 0.29 0.14 5.24 91.14 96.81 

29 0.00 0.00 0.10 0.10 0.00 4.80 0.00 1.00 0.00 92.30 98.20 0.07 0.13 5.32 92.15 97.66 

30 0.00 0.00 0.00 0.10 0.00 3.90 0.00 0.90 0.00 93.20 98.10 0.13 0.03 4.36 93.1 97.62 

31 0.00 0.00 0.10 0.00 0.00 3.40 0.00 0.90 0.10 93.60 98.10 0.06 0.13 3.79 93.48 97.46 

TABLE III.  ORIGINAL MICROPROBE CHEMICAL ANALYSIS OF SOME SPOTS OF GRAINS FROM FIGURES 2, 3 

Grains Spots SiO2 MgO MnO CaO ZnO FeO Al2O3 V2O3 Cr2O3 TiO2 Total 

Fig. 2(2) 1 46.36 7.92 0.20 10.20 0.01 13.55 11.23 0.11 0.00 4.62 94.21 

Fig. 3 

32 23.65 18.77 0.14 0.66 0.03 15.91 17.12 0.26 0.03 13.96 90.53 

33 7.24 0.82 0.36 1.21 0.04 16.44 2.59 0.71 0.13 41.55 71.10 

34 7.77 1.41 0.85 1.25 0.02 15.35 3.75 0.54 0.06 43.36 74.36 

35 1.02 0.24 1.02 0.75 0.00 18.48 0.73 0.57 0.48 46.78 70.06 

36 3.63 0.85 0.28 1.51 0.00 14.80 2.04 0.67 0.03 47.65 71.45 

37 7.70 0.68 0.32 3.50 0.12 9.95 2.22 0.57 0.08 50.96 76.09 

38 4.96 0.90 0.55 2.17 0.00 10.43 1.64 0.60 0.02 52.53 73.80 

39 7.29 1.00 0.18 0.63 0.03 5.69 3.64 0.71 0.01 56.14 75.31 

 

Spot 1 of grain 2 of Figure 2 (Table III) is a definite silicate 
mineral composed of Fe, Ca, Mg, Ti, and Al-silicate. Spots 2-4 
(Figure 2, Table I), are mixtures of several mineral 
components. Using the same method of calculation with (M1), 
the various mineral components of spots 2- 4 of grain (2) are: 
Spot 2: 41.40% ilmenite, 38.10% hematite, 15.21% geikielite, 
1.49% pyrophanite, and 0.13% rutile. Spot 3: 31.68% ilmenite, 
37% hematite, 27.73% geikielite, 1.70% pyrophanite, and 

0.23% rutile. Spot 4: 38.65% ilmenite, 30.70% hematite, 
26.84% geikielite, 1.28% pyrophanite, and 0.13% rutile. It is 
obvious that the ilmenite component in these spots is partially 
altered into hematite and the detected exsolved rutile bodies. It 
is obvious that the lightness of spot area is determined 
according to the amount of hematite component. As the 
hematite % increases, the lightness increases (spots 2 and 3), 
and vice versa (spot 4). 
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Spots 5 and 6 of grain (2) of Figure 2 (Table II) are 
ferriferous rutile composed mostly of rutile with considerable 
amounts of hematite in solid solution, ranging between 8.23 
and 21.59%. Using the M3 method of calculation, the mineral 
components for each of the two spots are: Spot 5: 21.59% 
hematite, 4.82% geikielite, 0.27% pyrophanite, and 71.78% 
rutile and spot 6: 8.23% hematite, 1.56% geikielite 0.20%, 
pyrophanite, and 87.41% rutile. Spots 1-5 of grain (3) of Figure 
2 (Table I) are ferriilmenite with Fe2O3 content ranging 
between 13.60 and 16.20%. Both spots 6-7 of Figure 2 are 
ferriferous rutile (Table II).  

Spots 1 and 2 of grain (4) of Figure 2 are ferriilmenite 
(Table I), spots 3 and 4 are ferriferous rutile, and spots 5 and 6 
are rutile with minor Fe2O3 content (Table II). Using the M1 
method of calculation, the mineral components of spots 1 and 2 
are: Spot 1: 51.11% ilmenite, 33.20% hematite, 11.33% 
geikielite, 1.28% pyrophanite, and 0.07% rutile. Spot 2: 
52.59% ilmenite, 22%, hematite, 21.17% geikielite, 2.34% 
pyrophanite, and 0.05% rutile. These two spots are solid 
solutions of ilmenite, hematite, geikielite, pyrophanite, and 
traces of rutile. It is obvious that both Mg and Mn follow FeO 
and not Fe2O3, hence as the content of hematite decreases, as 
the content of geikielite and/or pyrophanite increases. 
Geikielite and pyrophanite are mixed easier with ilmenite than 
with hematite. Spots 3 and 4 are rutile mixed with hematite, 
ranging between 19.16 and 28.07%. 

Spots 5 and 6 are mostly rutile with minor hematite, which 
ranges between 1.34 and 1.37%. It is obvious that the relatively 
larger and darker rutile exsolved intergrowths are composed 
mostly of rutile (more than 95% TiO2), while the relatively 
smaller ones are mainly ferriforous rutile with considerable 
amounts of mixed hematite (Figure 2, Table II). Spots 1-6 of 
grain (5) of Figure 2 are ferriilmenite, 7 and 8 are ilmenite 
(Table I). All the iron of spot 8 is ferrous iron. It is obvious that 
most of ferriilmenite containing exsolved intergrowths of rutile 
contain a considerable amount of MgO as geikielite. Spots 9-15 
are ferriferous rutile mixed with hematite, geikielite, and 
pyrophanite in solid solution (Table II). Using the same method 
of calculations of (2) and (3) grains, and converting all 
analyzed iron as FeO to Fe2O3 to be calculated as hematite, the 
mineral components composed for each spot are shown in 
Table II. Spots 1-7 of grain (6) of Figure 2 (Table I) are 
ferriilmenite with Fe2O3 content ranging between 1.9 and 3.7%. 
Spots 10 and 11 are ferriferous rutile. Spots 8 and 9 are 
ilmenite altered to rutile and hematite (Table II). Spot 9 is 
located beside the edge of the grain. The activity of water 
seems to be relatively greater hence a partial leaching of 
hematite component occurred. The total oxide sum of this spot 
is 91.05%, which reflects the existence of molecular water 
(Table II). 

Spots 1-13 of the grain of Figure 3 (Table I) are composed 
mainly of ilmenite and pyrophanite with minor amounts of 
hematite and other mineral components. Spots from 1 to 11, are 
ferriilmenite with Fe2O3 content ranging between 1 and 
11.90%. Spots 12 and 13 are ilmenite, in which most of the 
mixed Fe2O3 is leached out. All the iron content is ferrous iron. 
Some molecular water is included in these two spots. The 

analyzed total oxide sum of the two spots is 94.3 and 94.5% 
respectively (Table I). 

 

 
Fig. 3.  BSE image of a composite ilmenite grain. Spots 1-13 are 

composed of ilmenite enriched with MnO content. Spots 14-31 are ilmenite 

altered to rutile and hematite, and spots 32-39 are alterations of a definite 

silicate mineral. 

Spots 14-31 are ilmenite altered to rutile and hematite. They 
are composed mainly of rutile and hematite mineral 
components (Table II). Spots 15, 16, and 19 are in the 
neighborhood of voids where the activity of molecular water is 
relatively higher. Spots 32-39 are an alteration of a definite 
silicate mineral, Mg Fe Al-silicate, attached with ilmenite 
altered to rutile and hematite (Table III). The hematite 
component is partially leached leaving the remaining rutile 
associated with the products of the altered silicate mineral. 
Most of these last spots contain molecular and/or structural 
water. 

B. Titanhematite (4.4%)  

Authors in [26] explained that hematite is not so widely 
distributed in magmatic rocks, as it is known from the 
literature. Authors in [27] showed that hematite is almost 
wholly Fe2O3 and subtitanhematite is Fe2O3 with 1.5 to 5% 
TiO2 as FeO.TiO2 or TiO2 or both while titanhematite is Fe2O3 
with 5-10% TiO2 as FeO.TiO2 up to about 13% plus excess 
TiO2 up to about 3% in solid solution. Titanhematite or white 
ilmenite is hematite containing a maximum of 10% FeTiO3 in 
solid solution. If the FeTiO3-content exceeds 10%, oriented 
intergrowths of ilmenite and Ti-hematite may be formed [28]. 
A number of fabrics in which the titanhematite is considered as 
the major component (the host mineral) have been observed. 
These include the following arranged in decreasing order of 
abundance:  

1) Ilmenite-Ηematite Εxsolution Ιntergrowth 

The intergrowth was called ilmenohematite where micro 
intergrowths of ferrianilmenite or hemoilmenite are enclosed in 
the titanhematite host [27]. Although ferriilmenite exsolution 
bodies are found in two different sizes in the host titanlrematite, 
they cannot be considered as two distinct generations. Many of 
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the relatively larger ferriilmenite exsolution lamellae are 
observed to have coalesced, are frequently irregular, and seem 
to grade into smaller bodies. So, the ferriilmenite-titanhematite 
intergrowth may be interpreted as a result of unmixing of an 
original ilmenite-hematite solid solution and most of the 
relatively larger ferriilmenite exsolution lamellae that seem to 
have grown in situ by diffusion. 

2) Rutile-Hematite Exsolution Intergrowth 

Such intergrowth is called as rutilohematite where 
microintergrowths of rutile or exsolved rutile grains are 
enclosed in the titanhematite host [27]. A few exsolved rutile 
needles cut the host titanhematite grains from side to side, 
suggesting that most of them represent the unmixing of excess 
TiO2 originally dissolved in the Fe2O3 solid solution. The same 
intergrowth was observed in [29] in metamorphosed beach 
sands.  

3) Rutile-Ilmenite-Hematite Exsolution Intergrowth  

This intergrowth was called as ilmenorutilohematite where 
exsolved micro intergrowths of ferrianilmenite or hemoilmenite 
and rutile are enclosed in the host titanhematite [27]. Such type 
of exsolved intergrowth was observed in the sands of Lake 
Oulu, Finland [30]. The exsolved ferriilmenite lamellae had 
short, more spindle-shaped bodies parallel to the (0001) plane 
of titanhematite while the exsolved rutile needles were 
common in at least 6 directions. Authors in [29] recorded the 
same type of intergrowth, but the exsolved rutile lamellae were 
found in the typical Blitz texture. Authors in [31] believed that 
the rutile lamellae are of an earlier generation than the 
ferriilmenite exsolution bodies. However, authors in [25] 
concluded that the unmixing of the ilmenite-hematite solid 
solution to ferriilmenite and titanhematite started before the 
separation of the excess TiO2 as rutile. Authors in [14] agreed 
with this conclusion, since the rutile lamellae are observed to 
cut the ferriilmenite exsolutions, i.e. they are, therefore, of later 
origin. On the other hand, authors in [32] explained the 
development of the rutile exsolutions as a result of the partial 
oxidation (under high oxidation potential) of FeTiO3 in a mixed 
crystal lying near the Fe2O3-FeTiO3 join, on the TiO2 side of 
the system FeO-Fe2O3-TiO2 to hematite and rutile: 

2 FeTiO3 + O  Fe2O3 + 2 TiO2 

The resulting rutile is then dissolved at sufficient 
temperatures in the FeTiO3-Fe2O3 solid solution (especially on 
the Fe2O3 side). Later unmixing of the rutile in solid solution 
takes place. We believe that the exsolved rutile lamellae are of 
later origin and are the result of the unmixing of the excess 
TiO2, originally dissolved in the FeTiO3-Fe2O3 solid solution. 
The frequency of these exsolved rutile lamellae is very low 
compared with the exsolved ferriilmenite lamellae and some of 
them were detected to cut the ferriilmenite exsolutions. 

The microprobe findings of some titanhematite grains of 
different fabrics are: In grain (1), all the analyzed 6 spots of 
Figure 4 (Tables IV, V) are mainly Fe2O3 with only minor 
portions of TiO2. The grain is most probably hematite. In grain 
(2), the analyzed 5 spots (Figure 4, Tables IV, V) are composed 
of hematite. The V2O3 content ranges between 0.18 and 0.2%. 
Spots 1-4 of grain (3), (Figure 4, Tables IV, V) are hematite 

with minor TiO2. The V2O3 content of these spots ensures that 
V2O3 follows Fe2O3 rather than FeO. Also, the negligible 
content of MgO and MnO ensures that these two oxides do not 
follow Fe2O3. Spot 5 is silica which is recorded along the edges 
of grain (3), (Figure 4, Table VIII). This may reflect the ability 
of silica to replace Fe2O3. Spots 6-7 are calcite, where the 
remaining percentage of each spot is detected to be carbon 
(Figure 4, Table VIII).  

 

 

Fig. 4.  BSE images of various titanhematite exsolved intergrown grains. 

Spots 1 and 2 of grain (4) of Figure 4 (Tables IV, V) are 
ilmenite. Spot 3 is hematite altered to goethite. Spots 4-13 are 
hematite altered to goethite where the analyzed total oxide sum 
decreases by about one tenth of the analyzed value of Fe2O3 
content which corresponds the content of structural water (OH

-
) 

necessary for converting hematite to goethite (FeOOH), (Figure 
4, Tables IV, V). In these spots, V2O3 content ranges between 
0.69 and 0.78%. It follows Fe2O3, which ranges between 87.06 
and 89.99%. TiO2 content ranges between 0.81 and 1.22%. 
Spots 1-5 of grain (5) of Figure 4 (Tables IV, V) are 
titanhematite. MgO and MnO contents range between 0.06 and 
0.09% and 0.16 and 0.28% respectively. TiO2 content ranges 
between 8.29 and 9.15%, while the FeO content ranges 
between 6.99 and 7.83%. The recorded TiO2 content seems to 
be related to the contained ilmenite. Spots 6-14 have total oxide 
sum ranging between 93.2 and 96.77%. TiO2 content ranges 
between 24.05 and 45.73%, while the Fe2O3 content ranges 
between 50.59 and 5.78%. At spot 6, the TiO2 content is 
24.05% while the Fe2O3 content is 50.59%. On the other hand, 
at spot 14, the TiO2 content is 45.73%, while the Fe2O3 content 
is 5.78%. There is an obvious reverse relation between TiO2 
and Fe2O3 inside each spot. Also, it is noticed that although the 
spots 12, 14 are located at the same exsolved intergrowth 
lamella, they have widely varying contents of TiO2 and Fe2O3, 
while the analyzed total oxide sum is almost the same: 93.67 
and 93.20% respectively. Also, the MnO and MgO contents are 
negligible which may indicate the absence of ferrous iron. In 
fact, spots 6-14 are ilmenite alteration mixtures of rutile and 
hematite or some of spots are pseudobrookite of the Fe2TiO5 
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type, mixed with an individual TiO2 phase, most probably 
rutile, and maybe also Fe2O3. 

In grain (6) of Figure 4 (Tables IV, V), spots 1-6 are 
titanhematite. The FeO content ranges between 1.9 and 7.86% 
which corresponds to the analyzed content of TiO2: 2.17-
8.82%, indicating the content of ilmenite. Spots 7-13 do not 
give acceptable results using the ilmenite program (Figure 4, 
Table VIII). Spots 7-8 are made from a CaFeAl-silicate 
mineral. The area of spot 8 is darker than that of spot 7 due to 
the alteration of the silicate mineral and an enrichment of the 
content of SiO2 (Table VIII). Spot 13 is silica. In spots 9-12 of 
grain (6), the silica ranges between 5.57 and 90.85%, while 
TiO2 ranges between 94.98 and 8.51%. It is obvious that the 
titanhematite of spot 9 is replaced by SiO2, while the contained 
TiO2 remained. Spots 10-12 are most probably rutilo-hematite 
(spots 10, 11), or ferriforous rutile (spot 12), where Fe2O3 is 
replaced by SiO2. The analyzed total oxide sum of some spots 
may be greater than 100%, due to the irregularity and the voids 
of the measured spot surface. 

In grain (7) of Figure 4 (Tables IV, V), spots 1-3 may be 
the result of high temperature alteration of ilmeno-hematite 
fabric, producing a mixture of hematite and rutile in solid 
solution. Spots 4-8 do not give acceptable results using the 
ilmenite program (Table V). These spots have TiO2 content 
ranging between 62.23 and 82.42%. By converting the 
analyzed FeO content into Fe2O3, the obtained values range 
between 15.22 and 34.83% and the corresponding total oxide 
sum of these spots ranges between 98.03 and 98.94%, 
respectively (Table V). There is a distinct reverse relation 
between TiO2 and Fe2O3 at these spots. These spots are most 
probably pseudorutile or mixtures of rutile and hematite 
obtained by the alteration of contained ilmenite exsolved 
intergrowth. 

In grain (8), spots 1-2 (Figure 4, Tables IV, V) are hematite 
and rutile in solid solution. Spots 3-6 do not give acceptable 
results using the ilmenite program. Spots 3-5 have TiO2 content 
ranging between 63.66 and 64.72%. By converting the 
analyzed FeO content into Fe2O3, the obtained values range 
between 25.94 and 33.24% (Table VIII). These spots are 
ferriforous rutile or pseudorutile obtained by the alteration of 
contained ilmenite exsolved intergrowth, as the last grain (7). 
Spot 6 is a definite silicate mineral (Table VIII) MgFeAl-
silicate, with some of contained structural and/or molecular 
water. 

4) Ferromagnetic Titanhematite 

All the analyzed 6 grains (Figure 5, Tables VI, VII), are 
separated within the ferromagnetic fraction associated with 
magnetite and titanomagnetite grains. They are not contained 
within the final bulk ilmenite concentrate. In these grains, spot 
5 of (4), spots 1-5 and 11 of (5), and spots 13, 14 of (6) do not 
give acceptable results. The other investigated spots (Figure 5, 
Tables VI, VII), of the grains are: 

Grain (1): Spots 1-6 are martitized magnetite. In spot 1, the 
recorded contents of SiO2, MgO, CaO, and Al2O3 may be 
remnants of altered silicate mineral inclusions. 

Grain (2): Spots 1, 2 are hematite while spots 3, 4 are 
remnants of magnetite. 

Grain (3): Spots 1-5 (Figure 5) are titanomagnetite with 
TiO2 content ranging between 13.67 and 17.03%. Spots 6-11 
are titanhematite with TiO2 content ranging between 22.93 and 
26.5%. Spots 12, 13 are most probably pseudobrookite (Table 
VIII), while spot 14 is ferriilmenite. 

Grain (4): Spots 1, 2 are pseudobrookite, while spot 5 is 
calcite (Table VIII). Spots 3, 4 are titanhematite after 
titanomagnetite.  

Grain (5): Spots 1-5 are rutile (Table VII). Spots 6-8 are 
martitized titanomagnetite with TiO2 content ranging between 
8.77 and 9.55%. Spots 9, 10 are martitized titanomagnetite with 
relatively higher content of TiO2, which ranges between 17.8 
and 19.54%. Spot 11 is martitized titanomagnetite into 
titanhematite and most of Fe2O3 content is leached (Table 
VIII). The recorded SiO2 and Al2O3 are due to the increased 
water activity during the alteration and leaching of 
titanhematite. 

Grain (6): Spots 1-9 are martitized titanomagnetite with 
TiO2 content ranging between 13.43 and 24.37% (Tables VI, 
VII). Spots 10-12 are ilmenite (Tables VI, VII), spot 13 is 
leached ilmenite, and spot 14 is calcite (Table VIII). 

 

 

Fig. 5.  BSE images of various ferromagnetic titanhematite grains. They 

are most probably produced by the process of martitization after 

titanomagnetite. 
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TABLE IV.  MICROPROBE CHEMICAL ANALYSIS AND MOLECULAR FORMULAE OF THE ANALYZED SPOTS OF THE VARIOUS TITANHEMATITE EXSOLVED 

INTERGROWN GRAINS OF FIGURE 4 
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Fig. 4 

(1) 

1 0.08 0.00 0.00 0.00 0.00 88.88 0.00 0.03 0.02 0.35 89.36 0.08 0.00 0.00 0.00 0.00 0.40 98.29 0.00 0.03 0.02 0.35 99.18 0.01 1.98 0.01 0.01 3 

2 0.00 0.00 0.06 0.01 0.00 88.89 0.00 0.04 0.06 0.14 89.18 0.00 0.00 0.06 0.01 0.00 0.05 98.70 0.00 0.04 0.06 0.14 99.04 0.00 1.99 0.01 0.00 3 

3 0.00 0.01 0.05 0.01 0.01 88.89 0.00 0.06 0.00 0.23 89.27 0.00 0.01 0.05 0.01 0.01 0.11 98.64 0.00 0.06 0.00 0.23 99.12 0.00 1.99 0.01 0.00 3 

4 0.10 0.02 0.00 0.01 0.00 89.27 0.00 0.07 0.01 0.24 89.71 0.10 0.02 0.00 0.01 0.00 0.28 98.86 0.00 0.07 0.01 0.24 99.59 0.01 1.98 0.01 0.00 3 

5 0.00 0.03 0.03 0.06 0.00 89.41 0.00 0.03 0.06 0.26 89.88 0.00 0.03 0.03 0.06 0.00 0.08 99.25 0.00 0.03 0.06 0.26 99.80 0.00 1.99 0.01 0.01 3 

6 0.00 0.00 0.07 0.00 0.00 91.23 0.00 0.02 0.05 0.33 91.70 0.00 0.00 0.07 0.00 0.00 0.22 101.11 0.00 0.02 0.05 0.33 101.80 0.00 1.99 0.00 0.01 3 

Fig. 4 

(2) 

1 0.00 0.00 0.03 0.00 0.05 87.74 0.00 0.20 0.00 0.17 88.19 0.00 0.00 0.03 0.00 0.05 0.07 97.40 0.00 0.20 0.00 0.17 97.92 0.00 1.99 0.01 0.00 3 

2 0.00 0.00 0.00 0.00 0.04 88.34 0.01 0.19 0.04 0.17 88.78 0.00 0.00 0.00 0.00 0.04 0.12 98.01 0.01 0.19 0.04 0.17 98.57 0.00 1.99 0.01 0.00 3 

3 0.00 0.01 0.03 0.02 0.00 88.53 0.00 0.18 0.04 0.42 89.23 0.00 0.01 0.03 0.02 0.00 0.31 98.01 0.00 0.18 0.04 0.42 99.02 0.01 1.98 0.01 0.01 3 

4 0.00 0.00 0.07 0.00 0.00 89.05 0.00 0.19 0.02 0.42 89.76 0.00 0.00 0.07 0.00 0.00 0.31 98.60 0.00 0.19 0.02 0.42 99.61 0.01 1.98 0.01 0.01 3 

5 0.02 0.00 0.04 0.02 0.04 90.03 0.00 0.20 0.03 0.35 90.72 0.02 0.00 0.04 0.02 0.04 0.23 99.76 0.00 0.20 0.03 0.35 100.68 0.01 1.98 0.01 0.01 3 

Fig. 4 

(3) 

1 0.33 0.24 0.04 0.09 0.00 86.44 0.30 0.36 0.12 1.49 89.43 0.33 0.24 0.04 0.09 0.00 1.14 94.77 0.30 0.36 0.12 1.49 98.90 0.03 1.90 0.06 0.03 3 

2 0.00 0.01 0.07 0.04 0.14 87.04 0.01 0.31 0.03 1.22 88.87 0.00 0.01 0.07 0.04 0.14 0.85 95.76 0.01 0.31 0.03 1.22 98.43 0.02 1.94 0.02 0.02 3 

3 0.02 0.01 0.04 0.04 0.05 87.39 0.03 0.31 0.05 1.20 89.14 0.02 0.01 0.04 0.04 0.05 0.95 96.03 0.03 0.31 0.05 1.20 98.73 0.02 1.94 0.02 0.02 3 

4 0.02 0.00 0.07 0.04 0.00 87.56 0.03 0.34 0.06 0.99 89.11 0.02 0.00 0.07 0.04 0.00 0.81 96.39 0.03 0.34 0.06 0.99 98.74 0.02 1.95 0.02 0.02 3 

Fig. 4 

(4) 

1 0.00 0.05 2.77 0.03 0.07 42.44 0.00 0.41 0.05 49.90 95.71 0.00 0.05 2.77 0.03 0.07 41.90 0.60 0.00 0.41 0.05 49.90 95.77 0.92 0.01 0.08 0.99 3 

2 0.03 0.07 2.88 0.00 0.00 43.09 0.00 0.37 0.03 49.87 96.35 0.03 0.07 2.88 0.00 0.00 41.86 1.37 0.00 0.37 0.03 49.87 96.49 0.92 0.03 0.08 0.98 3 

3 5.64 0.96 0.06 0.11 0.00 73.79 0.84 0.77 0.08 0.86 83.10 5.64 0.96 0.06 0.11 0.00 5.60 75.75 0.84 0.77 0.08 0.86 90.67 0.13 1.60 0.34 0.02 3 

4 0.20 0.05 0.02 0.04 0.00 79.32 0.02 0.74 0.08 0.97 81.44 0.20 0.05 0.02 0.04 0.00 0.96 87.06 0.02 0.74 0.08 0.97 90.14 0.02 1.93 0.04 0.02 3 

5 0.16 0.02 0.02 0.06 0.00 79.63 0.04 0.78 0.11 0.94 81.75 0.16 0.02 0.02 0.06 0.00 0.90 87.46 0.04 0.78 0.11 0.94 90.49 0.02 1.93 0.04 0.02 3 

6 0.16 0.04 0.04 0.07 0.07 79.73 0.07 0.72 0.05 1.22 82.15 0.16 0.04 0.04 0.07 0.07 1.04 87.43 0.07 0.72 0.05 1.22 90.89 0.03 1.92 0.05 0.03 3 

7 0.24 0.06 0.00 0.04 0.00 80.37 0.08 0.70 0.03 0.81 82.31 0.24 0.06 0.00 0.04 0.00 0.86 88.33 0.08 0.70 0.03 0.81 91.13 0.02 1.93 0.04 0.02 3 

8 0.31 0.06 0.06 0.07 0.03 80.84 0.09 0.78 0.03 0.81 83.06 0.31 0.06 0.06 0.07 0.03 0.82 88.91 0.09 0.78 0.03 0.81 91.94 0.02 1.93 0.05 0.02 3 

9 0.12 0.02 0.05 0.06 0.00 80.94 0.07 0.75 0.08 0.82 82.90 0.12 0.02 0.05 0.06 0.00 0.72 89.12 0.07 0.75 0.08 0.82 91.80 0.02 1.94 0.04 0.02 3 

10 0.21 0.02 0.02 0.05 0.08 80.98 0.09 0.69 0.06 0.98 83.19 0.21 0.02 0.02 0.05 0.08 0.95 88.91 0.09 0.69 0.06 0.98 92.07 0.02 1.92 0.05 0.02 3 

11 0.21 0.01 0.00 0.06 0.04 81.18 0.04 0.69 0.04 1.12 83.39 0.21 0.01 0.00 0.06 0.04 1.13 88.94 0.04 0.69 0.04 1.12 92.28 0.03 1.92 0.04 0.02 3 

12 0.14 0.04 0.01 0.04 0.00 81.60 0.05 0.73 0.08 0.83 83.51 0.14 0.04 0.01 0.04 0.00 0.80 89.77 0.05 0.73 0.08 0.83 92.48 0.02 1.94 0.04 0.02 3 

13 0.20 0.04 0.08 0.06 0.00 81.83 0.05 0.74 0.08 0.91 84.00 0.20 0.04 0.08 0.06 0.00 0.83 89.99 0.05 0.74 0.08 0.91 92.99 0.02 1.93 0.05 0.02 3 

Fig. 4 

(5) 

1 0.00 0.09 0.22 0.02 0.07 80.70 0.06 0.28 0.12 8.29 89.85 0.00 0.09 0.22 0.02 0.07 6.99 81.89 0.06 0.28 0.12 8.29 98.03 0.16 1.65 0.03 0.17 3 

2 0.00 0.06 0.16 0.01 0.05 80.97 0.03 0.33 0.09 8.53 90.22 0.00 0.06 0.16 0.01 0.05 7.35 81.79 0.03 0.33 0.09 8.53 98.40 0.16 1.65 0.02 0.17 3 

3 0.00 0.09 0.28 0.00 0.07 80.69 0.05 0.33 0.10 8.61 90.20 0.00 0.09 0.28 0.00 0.07 7.24 81.60 0.05 0.33 0.10 8.61 98.35 0.16 1.64 0.03 0.17 3 

4 0.00 0.09 0.17 0.01 0.04 81.00 0.07 0.29 0.06 8.78 90.50 0.00 0.09 0.17 0.01 0.04 7.52 81.63 0.07 0.29 0.06 8.78 98.66 0.17 1.64 0.02 0.18 3 

5 0.00 0.09 0.20 0.00 0.05 80.38 0.06 0.28 0.05 9.15 90.25 0.00 0.09 0.20 0.00 0.05 7.83 80.60 0.06 0.28 0.05 9.15 98.31 0.18 1.62 0.02 0.18 3 

6 0.01 0.04 0.09 0.00 0.01 67.02 0.04 0.29 0.06 24.05 91.60 0.01 0.04 0.09 0.00 0.01 21.48 50.59 0.04 0.29 0.06 24.05 96.66 0.48 1.02 0.02 0.49 3 

7 0.00 0.01 0.11 0.01 0.00 66.36 0.02 0.37 0.09 24.90 91.88 0.00 0.01 0.11 0.01 0.00 22.25 49.01 0.02 0.37 0.09 24.90 96.77 0.50 0.99 0.02 0.50 3 

8 0.00 0.04 0.08 0.00 0.00 62.34 0.03 0.43 0.05 28.10 91.07 0.00 0.04 0.08 0.00 0.00 25.13 41.34 0.03 0.43 0.05 28.10 95.20 0.57 0.84 0.02 0.57 3 

9 0.00 0.01 0.07 0.00 0.00 60.87 0.02 0.44 0.09 29.28 90.77 0.00 0.01 0.07 0.00 0.00 26.27 38.44 0.02 0.44 0.09 29.28 94.61 0.60 0.79 0.02 0.60 3 

10 0.00 0.01 0.05 0.01 0.01 59.09 0.04 0.39 0.11 30.96 90.66 0.00 0.01 0.05 0.01 0.01 27.77 34.80 0.04 0.39 0.11 30.96 94.14 0.63 0.72 0.02 0.64 3 

11 0.00 0.00 0.08 0.01 0.01 55.15 0.04 0.39 0.08 35.16 90.93 0.00 0.00 0.08 0.01 0.01 31.53 26.25 0.04 0.39 0.08 35.16 93.55 0.72 0.54 0.02 0.72 3 

12 0.00 0.00 0.07 0.00 0.03 53.60 0.04 0.48 0.07 37.13 91.42 0.00 0.00 0.07 0.00 0.03 33.31 22.55 0.04 0.48 0.07 37.13 93.67 0.76 0.46 0.02 0.76 3 

13 0.00 0.02 0.04 0.01 0.00 50.91 0.01 0.45 0.06 42.49 93.99 0.00 0.02 0.04 0.01 0.00 38.13 14.19 0.01 0.45 0.06 42.49 95.40 0.85 0.28 0.01 0.85 3 

14 0.00 0.01 0.02 0.01 0.00 46.28 0.02 0.47 0.08 45.73 92.62 0.00 0.01 0.02 0.01 0.00 41.08 5.78 0.02 0.47 0.08 45.73 93.20 0.93 0.12 0.01 0.93 3 

Fig. 4 

(6) 

1 0.00 0.00 0.02 0.02  88.60 0.00  0.03 2.17 90.83 0.00 0.00 0.02 0.02 0.00 1.90 96.32 0.00 0.00 0.03 2.17 100.45 0.04 1.91 0.00 0.04 3 

2 0.00 0.00 0.04 0.01  88.18 0.00  0.03 2.38 90.64 0.00 0.00 0.04 0.01 0.00 2.09 95.64 0.00 0.00 0.03 2.38 100.19 0.05 1.90 0.00 0.05 3 

3 0.30 0.00 0.00 0.21  86.95 0.00  0.03 3.24 90.73 0.30 0.00 0.00 0.21 0.00 3.00 93.26 0.00 0.00 0.03 3.24 100.04 0.07 1.85 0.02 0.06 3 

4 0.00 0.00 0.00 0.02  86.88 0.00  0.04 2.72 89.66 0.00 0.00 0.00 0.02 0.00 2.43 93.82 0.00 0.00 0.04 2.72 99.03 0.05 1.89 0.00 0.05 3 

5 0.00 0.02 0.02 0.03  82.84 0.00  0.04 8.82 91.76 0.00 0.02 0.02 0.03 0.00 7.86 83.30 0.00 0.00 0.04 8.82 100.09 0.17 1.65 0.00 0.17 3 

6 0.53 0.00 0.04 0.02  82.80 0.00  0.03 7.55 90.96 0.53 0.00 0.04 0.02 0.00 7.35 83.83 0.00 0.00 0.03 7.55 99.33 0.16 1.67 0.02 0.15 3 

Fig. 4 

(7) 

1 0.00 5.25 1.01 0.00  63.40 0.53  0.03 21.61 91.84 0.00 5.25 1.01 0.00 0.00 9.06 60.38 0.53 0.00 0.03 21.61 97.87 0.19 1.16 0.29 0.41 3 

2 0.00 3.82 0.73 0.01  56.26 0.50  0.06 30.38 91.75 0.00 3.82 0.73 0.01 0.00 19.77 40.54 0.50 0.00 0.06 30.38 95.80 0.43 0.79 0.21 0.59 3 

3 0.00 2.96 0.53 0.01  56.13 0.43  0.00 32.30 92.35 0.00 2.96 0.53 0.01 0.00 23.24 36.54 0.43 0.00 0.00 32.30 96.00 0.51 0.72 0.16 0.63 3 

Fig. 4 

(8) 

1 0.00 1.19 0.62 0.00  58.49 0.52  0.00 30.43 91.26 0.00 1.19 0.62 0.00 0.00 24.61 37.64 0.52 0.00 0.00 30.43 95.02 0.55 0.76 0.09 0.61 3 

2 0.02 1.76 1.12 0.01  53.30 0.44  0.03 35.74 92.41 0.02 1.76 1.12 0.01 0.00 27.88 28.24 0.44 0.00 0.03 35.74 95.23 0.62 0.56 0.12 0.71 3 
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TABLE V.  CALCULATED DIFFERENT MINERAL COMPONENT FRACTIONS OF THE SPOTS OF THE VARIOUS TITANHEMATITE EXSOLVED INTERGROWN 

GRAINS OF FIGURE 4 

Grain Spot SiO2 MgO MnO CaO ZnO FeO Fe2O3 Al2O3 V2O3 Cr2O3 TiO2 Total Method Gek Pyr Ilm H R Total 

Fig. 4 

(1) 

1 0.08 0.00 0.00 0.00 0.00 0.40 98.29 0.00 0.03 0.02 0.35 99.18 M2 0.00 0.00 0.66 98.41 0.00 99.07 

2 0.00 0.00 0.06 0.01 0.00 0.05 98.70 0.00 0.04 0.06 0.14 99.04 M1 0.00 0.12 0.11 98.76 0.01 99.00 

3 0.00 0.01 0.05 0.01 0.01 0.11 98.64 0.00 0.06 0.00 0.23 99.12 M1 0.04 0.10 0.23 98.64 0.03 99.03 

4 0.10 0.02 0.00 0.01 0.00 0.28 98.86 0.00 0.07 0.01 0.24 99.59 M2 0.07 0.00 0.36 99.04 0.00 99.47 

5 0.00 0.03 0.03 0.06 0.00 0.08 99.25 0.00 0.03 0.06 0.26 99.80 M1 0.10 0.05 0.16 99.31 0.08 99.70 

6 0.00 0.00 0.07 0.00 0.00 0.22 101.11 0.00 0.02 0.05 0.33 101.80 M1 0.01 0.14 0.47 101.16 0.00 101.78 

Fig. 4 

(2) 

1 0.00 0.00 0.03 0.00 0.05 0.07 97.40 0.00 0.20 0.00 0.17 97.92 M1 0.00 0.07 0.15 97.40 0.05 97.67 

2 0.00 0.00 0.00 0.00 0.04 0.12 98.01 0.01 0.19 0.04 0.17 98.57 M1 0.00 0.00 0.26 98.05 0.03 98.35 

3 0.00 0.01 0.03 0.02 0.00 0.31 98.01 0.00 0.18 0.04 0.42 99.02 M1 0.02 0.06 0.66 98.05 0.02 98.82 

4 0.00 0.00 0.07 0.00 0.00 0.31 98.60 0.00 0.19 0.02 0.42 99.61 M1 0.00 0.15 0.65 98.62 0.00 99.42 

5 0.02 0.00 0.04 0.02 0.04 0.23 99.76 0.00 0.20 0.03 0.35 100.68 M1 0.00 0.08 0.49 99.79 0.04 100.41 

Fig. 4 

(3) 

1 0.33 0.24 0.04 0.09 0.00 1.14 94.77 0.30 0.36 0.12 1.49 98.90 M2 0.73 0.09 1.82 95.57 0.00 98.22 

2 0.00 0.01 0.07 0.04 0.14 0.85 95.76 0.01 0.31 0.03 1.22 98.43 M1 0.02 0.14 1.79 95.80 0.19 97.95 

3 0.02 0.01 0.04 0.04 0.05 0.95 96.03 0.03 0.31 0.05 1.20 98.73 M1 0.02 0.08 2.02 96.12 0.08 98.32 

4 0.02 0.00 0.07 0.04 0.00 0.81 96.39 0.03 0.34 0.06 0.99 98.74 M1 0.00 0.14 1.70 96.47 0.02 98.34 

Fig. 4 

(4) 

1 0.00 0.05 2.77 0.03 0.07 41.90 0.60 0.00 0.41 0.05 49.90 95.77 M1 0.15 5.88 88.50 0.65 0.11 95.29 

2 0.03 0.07 2.88 0.00 0.00 41.86 1.37 0.00 0.37 0.03 49.87 96.49 M2 0.21 6.12 88.34 1.46 0.00 96.13 

3 5.64 0.96 0.06 0.11 0.00 5.60 75.75 0.84 0.77 0.08 0.86 90.67 M2 2.86 0.12 0.00 82.95 0.00 85.93 

4 0.20 0.05 0.02 0.04 0.00 0.96 87.06 0.02 0.74 0.08 0.97 90.14 M2 0.14 0.04 1.62 87.36 0.00 89.16 

5 0.16 0.02 0.02 0.06 0.00 0.90 87.46 0.04 0.78 0.11 0.94 90.49 M2 0.05 0.05 1.67 87.77 0.00 89.54 

6 0.16 0.04 0.04 0.07 0.07 1.04 87.43 0.07 0.72 0.05 1.22 90.89 M2 0.10 0.07 2.11 87.60 0.00 89.89 

7 0.24 0.06 0.00 0.04 0.00 0.86 88.33 0.08 0.70 0.03 0.81 91.13 M2 0.16 0.00 1.33 88.72 0.00 90.21 

8 0.31 0.06 0.06 0.07 0.03 0.82 88.91 0.09 0.78 0.03 0.81 91.94 M2 0.17 0.13 1.19 89.34 0.00 90.83 

9 0.12 0.02 0.05 0.06 0.00 0.72 89.12 0.07 0.75 0.08 0.82 91.80 M2 0.06 0.11 1.38 89.42 0.00 90.97 

10 0.21 0.02 0.02 0.05 0.08 0.95 88.91 0.09 0.69 0.06 0.98 92.07 M2 0.05 0.04 1.75 89.24 0.00 91.08 

11 0.21 0.01 0.00 0.06 0.04 1.13 88.94 0.04 0.69 0.04 1.12 92.28 M2 0.02 0.00 2.09 89.21 0.00 91.33 

12 0.14 0.04 0.01 0.04 0.00 0.80 89.77 0.05 0.73 0.08 0.83 92.48 M2 0.11 0.02 1.43 90.04 0.00 91.59 

13 0.20 0.04 0.08 0.06 0.00 0.83 89.99 0.05 0.74 0.08 0.91 92.99 M2 0.11 0.17 1.41 90.29 0.00 91.98 

Fig. 4 

(5) 

1 0.00 0.09 0.22 0.02 0.07 6.99 81.89 0.06 0.28 0.12 8.29 98.03 M1 0.26 0.47 14.76 82.07 0.10 97.66 

2 0.00 0.06 0.16 0.01 0.05 7.35 81.79 0.03 0.33 0.09 8.53 98.40 M1 0.19 0.34 15.53 81.90 0.06 98.02 

3 0.00 0.09 0.28 0.00 0.07 7.24 81.60 0.05 0.33 0.10 8.61 98.35 M1 0.28 0.58 15.28 81.74 0.07 97.96 

4 0.00 0.09 0.17 0.01 0.04 7.52 81.63 0.07 0.29 0.06 8.78 98.66 M1 0.26 0.37 15.89 81.75 0.05 98.32 

5 0.00 0.09 0.20 0.00 0.05 7.83 80.60 0.06 0.28 0.05 9.15 98.31 M1 0.26 0.43 16.54 80.71 0.05 97.99 

6 0.01 0.04 0.09 0.00 0.01 21.48 50.59 0.04 0.29 0.06 24.05 96.66 M1 0.12 0.19 45.37 50.69 0.00 96.36 

7 0.00 0.01 0.11 0.01 0.00 22.25 49.01 0.02 0.37 0.09 24.90 96.77 M1 0.04 0.23 47.00 49.12 0.02 96.40 

8 0.00 0.04 0.08 0.00 0.00 25.13 41.34 0.03 0.43 0.05 28.10 95.20 M1 0.10 0.18 53.07 41.42 0.00 94.78 

9 0.00 0.01 0.07 0.00 0.00 26.27 38.44 0.02 0.44 0.09 29.28 94.61 M1 0.01 0.14 55.47 38.55 0.00 94.18 

10 0.00 0.01 0.05 0.01 0.01 27.77 34.80 0.04 0.39 0.11 30.96 94.14 M1 0.02 0.10 58.66 34.94 0.02 93.74 

11 0.00 0.00 0.08 0.01 0.01 31.53 26.25 0.04 0.39 0.08 35.16 93.55 M1 0.00 0.17 66.59 26.37 0.03 93.15 

12 0.00 0.00 0.07 0.00 0.03 33.31 22.55 0.04 0.48 0.07 37.13 93.67 M1 0.00 0.14 70.34 22.66 0.03 93.18 

13 0.00 0.02 0.04 0.01 0.00 38.13 14.19 0.01 0.45 0.06 42.49 95.40 M1 0.05 0.09 80.54 14.26 0.01 94.96 

14 0.00 0.01 0.02 0.01 0.00 41.08 5.78 0.02 0.47 0.08 45.73 93.20 M1 0.04 0.04 86.76 5.88 0.02 92.73 

Fig. 4 

(6) 

1 0.00 0.00 0.02 0.02  1.90 96.32 0.00  0.03 2.17 100.45 M1 0.00 0.04 4.02 96.34 0.03 100.43 

2 0.00 0.00 0.04 0.01  2.09 95.64 0.00  0.03 2.38 100.19 M1 0.00 0.09 4.41 95.67 0.01 100.18 

3 0.30 0.00 0.00 0.21  3.00 93.26 0.00  0.03 3.24 100.04 M2 0.00 0.00 6.15 93.41 0.00 99.56 

4 0.00 0.00 0.00 0.02  2.43 93.82 0.00  0.04 2.72 99.03 M1 0.00 0.00 5.13 93.86 0.02 99.02 

5 0.00 0.02 0.02 0.03  7.86 83.30 0.00  0.04 8.82 100.09 M1 0.04 0.04 16.60 83.35 0.03 100.06 

6 0.53 0.00 0.04 0.02  7.35 83.83 0.00  0.03 7.55 99.33 M2 0.00 0.09 14.25 84.54 0.00 98.88 

Fig. 4 

(7) 

1 0.00 5.25 1.01 0.00  9.06 60.38 0.53  0.03 21.61 97.87 M1 15.66 2.15 19.13 60.94 0.04 97.91 

2 0.00 3.82 0.73 0.01  19.77 40.54 0.50  0.06 30.38 95.80 M1 11.39 1.54 41.75 41.10 0.04 95.82 

3 0.00 2.96 0.53 0.01  23.24 36.54 0.43  0.00 32.30 96.00 M1 8.81 1.12 49.08 36.98 0.04 96.03 

4 0.00 1.26 0.28 0.02  31.35 0.00 0.19  0.00 62.23 95.33 M3 3.76 0.58 0.00 35.03 59.43 98.80 

5 0.00 0.96 0.20 0.03  23.93 0.00 0.17  0.02 70.07 95.37 M3 2.86 0.43 0.00 26.78 67.95 98.01 

6 0.01 1.35 0.31 0.01  24.06 0.00 0.17  0.00 70.37 96.27 M3 4.01 0.65 0.00 26.91 67.37 98.95 

7 0.00 0.90 0.23 0.01  16.52 0.00 0.09  0.05 78.69 96.49 M3 2.68 0.49 0.00 18.50 76.65 98.33 

8 0.00 0.71 0.20 0.01  13.70 0.00 0.08  0.00 82.42 97.12 M3 2.11 0.43 0.00 15.30 80.80 98.64 

Fig. 4 

(8) 

1 0.00 1.19 0.62 0.00  24.61 37.64 0.52  0.00 30.43 95.02 M1 3.56 1.32 51.98 38.16 0.02 95.03 

2 0.02 1.76 1.12 0.01  27.88 28.24 0.44  0.03 35.74 95.23 M1 5.25 2.38 58.89 28.71 0.00 95.23 
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TABLE VI.  MICROPROBE CHEMICAL ANALYSIS AND MOLECULAR FORMULAE OF THE SPOTS OF THE FERROMAGNETIC TITANHEMATITE EXSOLVED 

INTERGROWN GRAINS OF FIGURE 5 
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Fig. 5 

(1) 

1 6.66 0.49 0.03 0.15 0.01 78.05 2.09 0.29 0.04 0.20 88.00 6.66 0.49 0.03 0.15 0.01 7.03 78.90 2.09 0.29 0.04 0.20 95.88 0.16 1.57 0.37 0.00 3 

2 0.51 0.00 0.00 0.07 0.17 86.16 0.08 0.27 0.04 0.57 87.86 0.51 0.00 0.00 0.07 0.17 0.88 94.74 0.08 0.27 0.04 0.57 97.32 0.02 1.94 0.04 0.01 3 

3 0.38 0.05 0.00 0.03 0.00 88.97 0.04 0.29 0.03 0.11 89.90 0.38 0.05 0.00 0.03 0.00 0.43 98.36 0.04 0.29 0.03 0.11 99.73 0.01 1.97 0.03 0.00 3 

4 0.29 0.03 0.03 0.00 0.01 89.02 0.00 0.26 0.02 0.18 89.84 0.29 0.03 0.03 0.00 0.01 0.40 98.45 0.00 0.26 0.02 0.18 99.68 0.01 1.97 0.02 0.00 3 

5 0.80 0.00 0.02 0.00 0.00 89.19 0.00 0.30 0.07 0.33 90.71 0.80 0.00 0.02 0.00 0.00 1.23 97.72 0.00 0.30 0.07 0.33 100.4

7 
0.03 1.94 0.04 0.01 3 

6 0.12 0.01 0.05 0.02 0.00 89.67 0.00 0.29 0.07 0.24 90.48 0.12 0.01 0.05 0.02 0.00 0.26 99.34 0.00 0.29 0.07 0.24 100.4

0 
0.01 1.98 0.02 0.00 3 

7 0.00 0.01 0.00 0.00 0.00 94.07 0.00 0.28 0.03 0.23 94.62 0.00 0.01 0.00 0.00 0.00 0.20 104.2

9 
0.00 0.28 0.03 0.23 105.0

4 
0.00 1.98 0.01 0.00 3 

Fig. 5 

(2) 

1 0.06 0.00 0.11 0.00 0.00 87.62 0.01 0.06 0.09 0.89 88.83 0.06 0.00 0.11 0.00 0.00 0.76 96.50 0.01 0.06 0.09 0.89 98.47 0.02 1.96 0.01 0.02 3 

2 0.06 0.01 0.23 0.00 0.00 88.24 0.00 0.05 0.03 0.22 88.84 0.06 0.01 0.23 0.00 0.00 0.02 98.01 0.00 0.05 0.03 0.22 98.63 0.00 1.99 0.01 0.00 3 

3 0.00 0.00 0.19 0.00 0.12 92.38 0.00 0.12 0.01 0.35 93.16 0.00 0.00 0.19 0.00 0.12 0.01 102.6

1 
0.00 0.12 0.01 0.35 103.4

1 
0.00 1.98 0.01 0.01 3 

4 0.00 0.02 0.19 0.00 0.09 92.78 0.00 0.06 0.00 0.27 93.41 0.00 0.02 0.19 0.00 0.09 -0.07 103.1

6 
0.00 0.06 0.00 0.27 103.7

2 
0.00 1.99 0.01 0.01 3 

Fig. 5 

(3) 

1 0.02 2.63 0.81 0.00 0.05 76.05 2.50 0.70 0.07 13.6

7 
96.51 0.02 2.63 0.81 0.00 0.05 6.78 76.96 2.50 0.70 0.07 13.6

7 

104.2

0 
0.14 1.41 0.26 0.25 3 

2 0.08 2.42 0.93 0.01 0.00 74.54 0.93 0.75 0.00 14.8

3 
94.48 0.08 2.42 0.93 0.01 0.00 8.18 73.72 0.93 0.75 0.00 14.8

3 

101.8

4 
0.17 1.39 0.20 0.28 3 

3 0.04 2.19 0.79 0.02 0.13 71.90 1.64 0.75 0.03 16.2

7 
93.76 0.04 2.19 0.79 0.02 0.13 9.85 68.94 1.64 0.75 0.03 16.2

7 

100.6

5 
0.21 1.31 0.22 0.31 3 

4 0.08 2.13 0.86 0.00 0.14 73.17 1.50 0.71 0.00 16.3

4 
94.93 0.08 2.13 0.86 0.00 0.14 9.98 70.20 1.50 0.71 0.00 16.3

4 

101.9

4 
0.21 1.32 0.21 0.31 3 

5 0.05 2.32 0.98 0.00 0.18 72.44 1.23 0.71 0.04 17.0

3 
94.97 0.05 2.32 0.98 0.00 0.18 10.0

9 
69.26 1.23 0.71 0.04 17.0

3 

101.8

9 
0.21 1.30 0.21 0.32 3 

6 0.12 0.83 0.20 0.03 0.15 66.73 1.30 0.87 0.08 22.9

3 
93.23 0.12 0.83 0.20 0.03 0.15 18.9

3 
53.11 1.30 0.87 0.08 22.9

3 
98.54 0.41 1.04 0.12 0.45 3 

7 0.06 1.28 0.15 0.01 0.09 65.40 1.98 0.85 0.02 23.8

5 
93.69 0.06 1.28 0.15 0.01 0.09 19.0

2 
51.53 1.98 0.85 0.02 23.8

5 
98.84 0.41 1.00 0.16 0.46 3 

8 0.08 0.89 0.20 0.01 0.09 65.09 1.53 0.91 0.02 24.1

8 
93.01 0.08 0.89 0.20 0.01 0.09 19.9

5 
50.15 1.53 0.91 0.02 24.1

8 
98.02 0.43 0.98 0.13 0.47 3 

9 0.07 1.29 0.45 0.01 0.05 64.66 1.16 0.84 0.01 25.7

6 
94.30 0.07 1.29 0.45 0.01 0.05 20.4

5 
49.12 1.16 0.84 0.01 25.7

6 
99.21 0.44 0.95 0.14 0.50 3 

10 0.10 0.92 0.30 0.03 0.09 65.40 1.10 0.87 0.06 26.1

8 
95.04 0.10 0.92 0.30 0.03 0.09 21.6

2 
48.64 1.10 0.87 0.06 26.1

8 
99.90 0.46 0.94 0.12 0.50 3 

11 0.06 1.65 0.36 0.00 0.16 61.06 2.94 0.93 0.04 26.5

0 
93.69 0.06 1.65 0.36 0.00 0.16 20.4

7 
45.09 2.94 0.93 0.04 26.5

0 
98.19 0.44 0.87 0.21 0.51 3 

14 0.06 0.34 0.16 0.01 0.00 47.19 0.49 1.01 0.04 44.3

5 
93.65 0.06 0.34 0.16 0.01 0.00 39.1

8 
8.90 0.49 1.01 0.04 44.3

5 
94.54 0.87 0.18 0.06 0.89 3 

Fig. 5 

(4) 

3 0.14 0.05 0.02 0.04 0.00 85.83 0.01 0.32 0.09 4.28 90.77 0.14 0.05 0.02 0.04 0.00 3.87 91.06 0.01 0.32 0.09 4.28 99.86 0.09 1.81 0.02 0.09 3 

4 0.03 0.04 0.07 0.00 0.00 86.01 0.00 0.35 0.10 3.97 90.57 0.03 0.04 0.07 0.00 0.00 3.47 91.70 0.00 0.35 0.10 3.97 99.73 0.08 1.83 0.02 0.08 3 

Fig. 5 

(5) 

6 0.02 0.00 0.00 0.01  84.72 0.00  0.01 8.77 93.53 0.02 0.00 0.00 0.01 0.00 7.90 85.35 0.00 0.00 0.01 8.77 102.0

6 
0.17 1.66 0.00 0.17 3 

7 0.00 0.02 0.00 0.00  83.29 0.00  0.00 9.55 92.86 0.00 0.02 0.00 0.00 0.00 8.56 83.02 0.00 0.00 0.00 9.55 101.1

5 
0.19 1.63 0.00 0.19 3 

8 0.01 0.00 0.00 0.04  82.65 0.02  0.02 9.41 92.14 0.01 0.00 0.00 0.04 0.00 8.43 82.47 0.02 0.00 0.02 9.41 100.3

8 
0.18 1.63 0.00 0.19 3 

9 0.03 0.01 0.02 0.03  77.55 0.00  0.01 17.8

0 
95.43 0.03 0.01 0.02 0.03 0.00 15.9

9 
68.39 0.00 0.00 0.01 17.8

0 

102.2

7 
0.34 1.31 0.00 0.34 3 

10 0.28 0.05 0.00 0.03  73.08 0.06  0.02 19.5

4 
93.07 0.28 0.05 0.00 0.03 0.00 17.7

8 
61.44 0.06 0.00 0.02 19.5

4 
99.21 0.39 1.21 0.02 0.39 3 

Fig. 5 

(6) 

1 0.04 2.99 1.39 0.02 0.28 73.61 1.82 0.47 0.03 13.4

3 
94.07 0.04 2.99 1.39 0.02 0.28 5.12 76.10 1.82 0.47 0.03 13.4

3 

101.6

7 
0.11 1.43 0.28 0.25 3 

2 0.02 2.25 1.03 0.08 0.13 72.32 1.14 0.43 0.05 16.5

9 
94.03 0.02 2.25 1.03 0.08 0.13 9.68 69.60 1.14 0.43 0.05 16.5

9 

100.9

8 
0.20 1.32 0.20 0.32 3 

3 0.08 2.43 0.99 0.04 0.21 71.22 1.49 0.46 0.05 18.0

8 
95.06 0.08 2.43 0.99 0.04 0.21 10.7

9 
67.14 1.49 0.46 0.05 18.0

8 

101.7

7 
0.23 1.26 0.22 0.34 3 

4 0.01 2.10 1.06 0.04 0.14 69.14 1.09 0.51 0.02 18.5

3 
92.63 0.01 2.10 1.06 0.04 0.14 11.7

0 
63.82 1.09 0.51 0.02 18.5

3 
99.00 0.25 1.24 0.19 0.36 3 

5 0.03 1.74 0.73 0.01 0.14 69.80 0.81 0.50 0.03 19.7

8 
93.56 0.03 1.74 0.73 0.01 0.14 13.8

5 
62.16 0.81 0.50 0.03 19.7

8 
99.77 0.30 1.20 0.15 0.38 3 

6 0.06 1.56 0.61 0.03 0.00 70.56 0.44 0.53 0.00 20.4

6 
94.24 0.06 1.56 0.61 0.03 0.00 15.0

4 
61.69 0.44 0.53 0.00 20.4

6 

100.4

0 
0.32 1.19 0.12 0.39 3 

7 0.00 2.03 1.18 0.02 0.21 67.25 1.27 0.52 0.05 22.0

9 
94.62 0.00 2.03 1.18 0.02 0.21 14.8

4 
58.22 1.27 0.52 0.05 22.0

9 

100.4

4 
0.31 1.11 0.19 0.42 3 

8 0.23 2.42 0.76 0.01 0.12 63.46 0.99 0.48 0.08 22.9

9 
91.53 0.23 2.42 0.76 0.01 0.12 15.7

7 
52.99 0.99 0.48 0.08 22.9

9 
96.82 0.34 1.04 0.20 0.45 3 

9 0.01 1.88 0.94 0.00 0.18 63.04 1.04 0.52 0.00 24.3

7 
91.97 0.01 1.88 0.94 0.00 0.18 17.4

8 
50.62 1.04 0.52 0.00 24.3

7 
97.02 0.38 1.00 0.17 0.48 3 

10 0.03 0.89 0.34 0.03 0.00 44.02 0.41 0.64 0.00 47.7

6 
94.11 0.03 0.89 0.34 0.03 0.00 41.0

3 
3.32 0.41 0.64 0.00 47.7

6 
94.44 0.91 0.07 0.07 0.95 3 

11 0.35 0.08 0.19 0.19 0.16 39.37 0.39 0.59 0.16 49.2

1 
90.67 0.35 0.08 0.19 0.19 0.16 39.4

0 
0.00 0.39 0.59 0.16 49.2

1 
90.70 0.88 0.00 0.05 1.03 3 

12 0.05 0.76 0.23 0.03 0.00 44.18 0.34 0.60 0.00 49.3

8 
95.59 0.05 0.76 0.23 0.03 0.00 42.8

4 
1.50 0.34 0.60 0.00 49.3

8 
95.74 0.94 0.03 0.06 0.97 3 

 

VI. CONCLUSION 

The high purity Egyptian beach ilmenite concentrate 
contains several mineral textures. The rutile-ilmenite exsolved 
intergrowths are far less common than in titanhematite. In this 
exsolved intergrowth, the ilmenite component is a ferriilmenite 
composed of 31.68-80.47% ilmenite, 0.4-33.2% hematite, 1.79-
35.78% geikielite, 0.64-2.34% pyrophanite, and 0.02-0.29% 
rutile. The Cr2O3 contents range between 0 and 0.5%. The other 
component of the intergrowth is ferriferrous rutile, consisting 
of 57.5-87.41% rutile, 8.23-33.86% hematite, 0.42-16.55% 

geikielite, and 0.20-1.70% pyrophanite, while the Cr2O3 
content ranges between 0 and 0.4%. In these intergrowths, the 
content of the included hematite in the ferriilmenite 
component, decreases, as the geikielite (MgTiO3) and/or 
pyrophanite (MnTiO3) contents increase. MgO and MnO mix 
easier with ilmenite rather than with hematite.  

On the other hand, the relatively larger and darker exsolved 
rutile bodies are composed mainly of rutile (more than 95% 
TiO2), while the relatively smaller ones are mainly ferriferrous 
rutile with considerable amounts of mixed hematite.  
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It was noticed that the ilmenite enriched with relatively 
higher content of MgO and individual TiO2 is unstable and 
alters partially into rutile and hematite. Increased TiO2 content 
leads to the exsolution of rutile bodies. The difference in the 
geometry of the associated mixed mineral crystal structures and 
their corresponding contents inside the rutile-ilmenite exsolved 
intergrowth in addition to the prevailing physical conditions 
may be responsible of the different obtained textures of such 
intergrowth. 

The titanhematite intergrowth includes 3 fabrics arranged in 
a decreasing order of abundance as: ilmenite-hematite, rutile-
hematite, and rutile-ilmenite-hematite. The TiO2 content attains 
up to 9.15%. Both MgO and MnO have minimum values and 

do not follow Fe2O3. In the titanhematite host, MgO ranges 
between 0 and 0.2%, while MnO ranges between 0 and 0.3%. 
Only in the case of exsolved rutile within the titanhematite 
host, the titanhematite host contained MgO ranges between 1.2 
and 5.3%, while the MnO content ranges between 0.5 and 
1.1%. The exsolved rutile MgO content ranges between 0.6 and 
1.3%, while the MnO content ranges between 0.2 and 0.7%.  

It was found that the contained exsolved ilmenite may be 
altered into pseudorutile or mixed rutile and hematite fabric. In 
some homogeneous titanhematite or mixed rutile-hematite, the 
Fe2O3 content can be replaced with SiO2. In all types of the 
titanhematite intergrowth, the Cr2O3 contents range between 0 
and 0.1%.  

TABLE VII.  CALCULATED DIFFERENT MINERAL COMPONENT FRACTIONS OF THE SPOTS OF THE VARIOUS FERROMAGNETIC TITANHEMATITE EXSOLVED 

INTERGROWN GRAINS OF FIGURE 5 

Grain Spot SiO2 MgO MnO CaO ZnO FeO Fe2O3 Al2O3 V2O3 Cr2O3 TiO2 Total Method Gek Pyr Ilm H R Total 

Fig. 5 

(1) 

1 6.66 0.49 0.03 0.15 0.01 7.03 78.90 2.09 0.29 0.04 0.20 95.88 M2 1.47 0.07 0.00 90.24  91.77 

2 0.51 0.00 0.00 0.07 0.17 0.88 94.74 0.08 0.27 0.04 0.57 97.32 M2 0.01 0.00 1.07 95.33  96.40 

3 0.38 0.05 0.00 0.03 0.00 0.43 98.36 0.04 0.29 0.03 0.11 99.73 M2 0.15 0.00 0.03 98.94  99.12 

4 0.29 0.03 0.03 0.00 0.01 0.40 98.45 0.00 0.26 0.02 0.18 99.68 M2 0.10 0.07 0.15 98.91  99.22 

5 0.80 0.00 0.02 0.00 0.00 1.23 97.72 0.00 0.30 0.07 0.33 100.47 M2 0.00 0.05 0.58 98.88  99.51 

6 0.12 0.01 0.05 0.02 0.00 0.26 99.34 0.00 0.29 0.07 0.24 100.40 M2 0.03 0.11 0.31 99.58  100.03 

7 0.00 0.01 0.00 0.00 0.00 0.20 104.29 0.00 0.28 0.03 0.23 105.04 M1 0.01 0.00 0.42 104.32 0.00 104.76 

Fig. 5 

(2) 

1 0.06 0.00 0.11 0.00 0.00 0.76 96.50 0.01 0.06 0.09 0.89 98.47 M2 0.00 0.24 1.46 96.74  98.44 

2 0.06 0.01 0.23 0.00 0.00 0.02 98.01 0.00 0.05 0.03 0.22 98.63 M2 0.01 0.49 0.00 97.99  98.50 

3 0.00 0.00 0.19 0.00 0.12 0.01 102.61 0.00 0.12 0.01 0.35 103.41 M1 0.00 0.41 0.03 102.62 0.11 103.17 

4 0.00 0.02 0.19 0.00 0.09 -0.07 103.16 0.00 0.06 0.00 0.27 103.72 M2 0.06 0.41 0.01 103.14  103.63 

Fig. 5 

(3) 

1 0.02 2.63 0.81 0.00 0.05 6.78 76.96 2.50 0.70 0.07 13.67 104.20 M1 7.85 1.72 14.31 79.54 0.04 103.45 

2 0.08 2.42 0.93 0.01 0.00 8.18 73.72 0.93 0.75 0.00 14.83 101.84 M2 7.21 1.98 17.11 74.70  101.00 

3 0.04 2.19 0.79 0.02 0.13 9.85 68.94 1.64 0.75 0.03 16.27 100.65 M1 6.52 1.68 20.79 70.61 0.12 99.72 

4 0.08 2.13 0.86 0.00 0.14 9.98 70.20 1.50 0.71 0.00 16.34 101.94 M1 6.36 1.83 21.09 71.70 0.06 101.03 

5 0.05 2.32 0.98 0.00 0.18 10.09 69.26 1.23 0.71 0.04 17.03 101.89 M1 6.92 2.07 21.32 70.53 0.13 100.97 

6 0.12 0.83 0.20 0.03 0.15 18.93 53.11 1.30 0.87 0.08 22.93 98.54 M1 2.48 0.43 39.98 54.49 0.02 97.39 

7 0.06 1.28 0.15 0.01 0.09 19.02 51.53 1.98 0.85 0.02 23.85 98.84 M1 3.81 0.31 40.16 53.54 0.03 97.85 

8 0.08 0.89 0.20 0.01 0.09 19.95 50.15 1.53 0.91 0.02 24.18 98.02 M1 2.67 0.43 42.14 51.70 0.01 96.95 

9 0.07 1.29 0.45 0.01 0.05 20.45 49.12 1.16 0.84 0.01 25.76 99.21 M1 3.84 0.95 43.19 50.29 -0.01 98.26 

10 0.10 0.92 0.30 0.03 0.09 21.62 48.64 1.10 0.87 0.06 26.18 99.90 M1 2.74 0.63 45.66 49.80 0.00 98.83 

11 0.06 1.65 0.36 0.00 0.16 20.47 45.09 2.94 0.93 0.04 26.50 98.19 M1 4.92 0.75 43.23 48.07 0.09 97.07 

14 0.06 0.34 0.16 0.01 0.00 39.18 8.90 0.49 1.01 0.04 44.35 94.54 M2 1.02 0.34 82.63 9.49  93.48 

Fig. 5 

(4) 

3 0.14 0.05 0.02 0.04 0.00 3.87 91.06 0.01 0.32 0.09 4.28 99.86 M2 0.13 0.05 7.91 91.29  99.38 

4 0.03 0.04 0.07 0.00 0.00 3.47 91.70 0.00 0.35 0.10 3.97 99.73 M2 0.11 0.14 7.26 91.92  99.42 

Fig. 5 

(5) 

1 0.01 0.00 0.00 0.02  0.46 0.00 0.00  0.02 100.16 100.67  0.00 0.00  0.53 100.16 100.69 

2 0.00 0.00 0.02 0.03  0.44 0.00 0.00  0.02 99.91 100.44  0.01 0.05  0.51 99.88 100.45 

3 0.00 0.00 0.00 0.00  0.55 0.00 0.00  0.05 99.88 100.47  0.00 0.01  0.65 99.87 100.53 

4 0.14 0.00 0.00 0.09  0.51 0.00 0.00  0.03 99.57 100.33  0.00 0.00  0.59 99.57 100.16 

5 0.14 0.01 0.00 0.07  0.51 0.00 0.00  0.04 99.66 100.42  0.02 0.00  0.60 99.64 100.27 

6 0.02 0.00 0.00 0.01 0.00 7.90 85.35 0.00 0.00 0.01 8.77 102.06 M2 0.00 0.00 16.66 85.40  102.06 

7 0.00 0.02 0.00 0.00 0.00 8.56 83.02 0.00 0.00 0.00 9.55 101.15 M1 0.05 0.00 18.08 83.02 0.00 101.15 

8 0.01 0.00 0.00 0.04 0.00 8.43 82.47 0.02 0.00 0.02 9.41 100.38 M1 0.00 0.00 17.79 82.50 0.05 100.34 

9 0.03 0.01 0.02 0.03 0.00 15.99 68.39 0.00 0.00 0.01 17.80 102.27 M1 0.01 0.03 33.77 68.40 0.00 102.21 

10 0.28 0.05 0.00 0.03 0.00 17.78 61.44 0.06 0.00 0.02 19.54 99.21 M2 0.16 0.00 36.93 61.86  98.95 

Fig. 5 

(6) 

1 0.04 2.99 1.39 0.02 0.28 5.12 76.10 1.82 0.47 0.03 13.43 101.67 M1 8.92 2.96 10.81 77.94 0.28 100.90 

2 0.02 2.25 1.03 0.08 0.13 9.68 69.60 1.14 0.43 0.05 16.59 100.98 M1 6.71 2.20 20.43 70.78 0.23 100.35 

3 0.08 2.43 0.99 0.04 0.21 10.79 67.14 1.49 0.46 0.05 18.08 101.77 M1 7.25 2.11 22.80 68.68 0.17 101.00 

4 0.01 2.10 1.06 0.04 0.14 11.70 63.82 1.09 0.51 0.02 18.53 99.00 M1 6.26 2.24 24.71 64.93 0.19 98.33 

5 0.03 1.74 0.73 0.01 0.14 13.85 62.16 0.81 0.50 0.03 19.78 99.77 M1 5.20 1.56 29.25 63.00 0.12 99.12 

6 0.06 1.56 0.61 0.03 0.00 15.04 61.69 0.44 0.53 0.00 20.46 100.40 M2 4.65 1.29 31.72 62.13  99.80 

7 0.00 2.03 1.18 0.02 0.21 14.84 58.22 1.27 0.52 0.05 22.09 100.44 M1 6.07 2.52 31.34 59.54 0.25 99.71 

8 0.23 2.42 0.76 0.01 0.12 15.77 52.99 0.99 0.48 0.08 22.99 96.82 M2 7.21 1.61 32.98 54.26  96.06 

9 0.01 1.88 0.94 0.00 0.18 17.48 50.62 1.04 0.52 0.00 24.37 97.02 M1 5.60 1.99 36.92 51.66 0.17 96.34 

10 0.03 0.89 0.34 0.03 0.00 41.03 3.32 0.41 0.64 0.00 47.76 94.44 M1 2.65 0.72 86.65 3.73 0.01 93.77 

11 0.35 0.08 0.19 0.19 0.16 39.40 0.00 0.39 0.59 0.16 49.21 90.16 M2 0.23 0.39 83.21 0.54 5.05 89.43 

12 0.05 0.76 0.23 0.03 0.00 42.84 1.50 0.34 0.60 0.00 49.38 95.74 M1 2.28 0.49 90.47 1.84 0.00 95.07 
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TABLE VIII.  ORIGINAL MICROPROBE CHEMICAL ANALYSIS OF SOME SPOTS OF THE GRAINS FROM FIGURES 4, 5 

Grain Spot SiO2 MgO MnO CaO ZnO FeO Fe2O3 Al2O3 V2O3 Cr2O3 TiO2 Total 

Fig. 4 (3) 

5 96.02 0.16 0.00 0.04 0.00 1.72 0.00 0.81 0.03 0.00 0.36 99.14 

6 0.32 0.03 0.22 54.49 0.67 2.33 0.00 0.00 0.04 0.05 0.11 58.25 

7 0.21 0.00 0.10 55.49 0.72 1.96 0.00 0.00 0.04 0.00 0.07 58.59 

Fig. 4 (6) 

7 37.45 0.01 0.18 23.10  14.45 0.00 22.45  0.04 0.10 97.78 

8 49.84 0.04 0.19 19.54  10.26 0.00 19.14  0.03 0.09 99.13 

9 90.85 0.00 0.00 0.16  1.13 0.00 0.03  0.01 8.51 100.68 

10 85.10 0.13 0.00 0.07  0.78 0.00 0.90  0.02 17.19 104.19 

11 63.75 0.91 0.00 0.19  2.25 0.00 1.71  0.00 28.06 96.87 

12 5.57 0.02 0.00 0.11  1.29 0.00 0.68  0.03 94.98 102.69 

13 93.90 0.17 0.00 1.28  1.21 0.00 3.08  0.03 0.09 99.75 

Fig. 4 (8) 

3 0.00 0.57 0.29 0.02  29.92 0.00 0.22  0.04 63.66 94.72 

4 0.00 1.05 0.69 0.01  28.45 0.00 0.23  0.00 64.72 95.15 

5 0.01 0.63 0.50 0.00  23.35 0.00 0.18  0.00 69.55 94.22 

6 50.05 3.08 0.12 0.30  11.12 0.00 21.99  0.00 1.67 88.33 

Fig. 5 (3) 
12 0.00 1.9 0.5 0.00 0.1 53.4 0.0 3.5 0.8 0.0 33.4 93.8 

13 0.0 1.4 0.3 0 0.1 53.5 0.0 2.5 0.9 0.0 35.8 94.6 

Fig. 5 (4) 

1 0.89 0.03 0.00 0.10 0.00 57.48 0.00 0.64 0.47 0.11 31.91 91.62 

2 0.93 0.00 0.04 0.02 0.00 63.20 0.00 0.00 0.39 0.07 26.75 91.39 

5 0.34 0.10 0.09 54.08 0.62 1.98 0.00 0.00 0.01 0.01 0.30 57.53 

Fig. 5 (5) 11 11.57 1.24 0.04 0.20  2.83 0.00 8.35  0.00 58.65 82.88 

Fig. 5 (6) 
13 0.03 0.60 0.25 0.01 0.03 37.93 0.00 0.25 0.59 0.00 56.80 96.50 

14 1.27 0.23 0.04 44.53 0.29 4.51 0.00 0.06 0.10 0.02 5.94 57.00 

 

Some ferromagnetic titanhematite varieties separated from 
the fraction of magnetite are detected. They are produced by 
the martitization of titanomagnetite. Their TiO2 content attains 
up to 24.37%. In these grains, the contents of Cr2O3, MgO, and 
MnO range between 0.0-0.2, 0.0-3, and 0.0-1.4% respectively. 
In fact, some of the exsolved intergrown textures included 
within the grains of the ilmenite concentrate contain relatively 
higher values of Cr2O3 content, their distribution is relatively 
lower, and they are the only reason for the increased Cr2O3 
content in the obtained ilmenite concentrate. In fact, several 
varieties of chromite and chromspinel mineral grains are found 
and represent 1.1% of the detected bulk ilmenite grains. In 
these grains, the contents of Cr2O3, MgO, V2O3, and Al2O3 
range between 16.69-56.72, 0.54-17.33, 0.14-0.58, and 1.33-
38.79% respectively. 

Although it is rarely met with one of these high chromium 
grains within the ilmenite concentrate, the relatively finer grain 
sizes of most of them could led to the separation for some of 
them to ilmenite rather than to separated ferromagnetic 
fractions. Especially with the current used types of magnetic 
separators. Hence, the problem of high Cr2O3 content of the 
Egyptian beach ilmenite concentrate is an ore dressing problem 
rather than a mineralogical one.  

One of the most important conclusions is that in the case of 
the ilmenite of the El Burullus-Baltim sand dunes, it is 
expected that a considerable fraction of ilmenite can be 
obtained with relatively lower Cr2O3 content. The reason for 
this is that most of the heavy and economic interesting minerals 
are concentrated in relatively coarser grain sizes than those of 
beach sediments. So, the associated relatively finer chromite 
and chromspinel grains will be in minimum contents.  
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