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Abstract: One of the most extensively studied topics in dozens of studies is the alteration process of ilmenite, the
formation of leucoxene and the presence of some impurity oxides; 5iO2 and Al2Os. The altered Egyptian black sand
ilmenite grains of relatively lower magnetic characters are studied using the binocular microscope and the Cameca
S5X-100 microprobe instrument. Both of individual brown and black altered grains separated at 0.5 and 1 ampere values
are investigated. The detection of the Various alteration phases, the mechanism of formation, their molecular formulas
& limits, and the role of SiO2&Al20:s in alteration mechanisms are detected. The alteration phases includes: pseudoru-
tile (psr) and leached pseudorutile (Ipsr) of different phases in addition also to rutile. Few analyzed spots are detected
to be leached ilmenite (lilm). Several Excel softwares are adopted to calculate the chemical formulas of each alteration
phase. The contents of TiO2 and Fe20:s of all the investigated psr-lpsr in the study range between 59.16-86.56%, and
37.3-6.68%, respectively. The Ti/(Ti+Fe) ratio for these formulas ranges between 0.60 and 0.88. The psr-lpsr chemical
formulas of all the investigated grains range as follows: Fe201-050Ti30s.97-450(OH)0.03450 . The concluded lowest cationic
iron content of the well defined accepted Ipsr phase is 0.5 with a corresponding molecular formula of
Feo50Ti3045(OH)as. It was concluded that in the region of 68-70 TiO2%, the mechanism of ilmenite alteration may be
changed where neither all the analyzed TiO: of the spot nor all the calculated structural water are contained within
the molecular formula of lpsr. There are other associated mineral phases containing for some TiO:2 and also some
structural water which most probably are removed from the Ipsr phase. As the analyzed spots are located at highly
fissured locations, as the alteration process is relatively faster and the Ipsr phase can be broken into rutile and hematite.
Also, as the analyzed TiO2 and structural and/or molecular water contents increase, as the darkness of the BSE image
areas of the grain increases; this may reflect the existence of an individual TiO2 phase; most probably rutile, mixed in
homogeneity with the existed Ipsr component. As the content of TiO: increases; within a definite TiOz range (80-85%),
as the associated contents of Al203&SiO2 increase. When the contents of the structural and/or molecular water con-
tained within the Ipsr phases decreases; the sum total oxides is more than 98%, the contents of Al20s are highly de-
pleted. In the late alteration stages, the lpsr structure does not suddenly collapse but gradually producuing other
associated mineral phases. The relatively enriched contents of 5iO2 and/or Al2Os in some secondary rutile grains can
be explained as most of the SiO2% is associated with mol water or bearing for mol and/or str water necessary for the
leachability of Fe3* from the psr structure. The XRD patterns of the investigated grains before and after roasting at 1100
°C for one hour are detected and interpreted.

Keywords: altered ilmenite; leached ilmenite; leucoxene; pseudorutile; leached pseudorutile; exsolved intergrowth; X
ray diffraction.

1. Introduction

The most abundant economic mineral of the Egyptian black sand is ilmenite followed by magnetite, garnet, zircon,
rutile and monazite in a decreasing order of abundance. The Egyptian beach ilmenite partly altered to a greyish material
which in a later stage is replaced by a very fine intergrowth of rutile-anatase product having a microporous structure
[1]. Two post-depositional alteration varieties of the Egyptian beach ilmenite are distinguished. The first is the amor-
phous iron-titanium oxides due to alteration along borders, cracks or as thin rim separating fresh ilmenite relics from a
broad outer zone of leucoxene. The second variety is the alteration to leucoxene; a very fine crystalline aggregates with
a mottled appearance [2]. A highly leucoxenated secondary rutile grains; within the obtained rutile concentrate, as end
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product of ilmenite alteration were identified by [3,4]. Several types of magnetic and non-magnetic altered ilmenite
varieties were detected by [5]. He put an explanation for the formation of each of these altered varieties.

So many papers were introduced about the alteration products of ilmenite. The discovery of a new mineral; arizo-
nite, of a chemical composition closely corresponds to Fe2033TiO2, was reported by [6], and which was considered as
merely weathered ilmenite by [7]. The nature and chemical composition of leucoxene are known to be variable [8-18].

The name pseudorutile was proposed for the product of oxidation and progressive partial removal of iron due
alteration of ilmenite giving an intermediate iron titanate of a definite structure [19].

The ilmenite concentrates from several beach sand deposits were studied and concluded that most concentrates
contain ore grains ranging from fresh ilmenite to a highly altered product approaching pure TiO2 in composition [20].

The abundance co-occurrence of pseudobrookite and altered ilmenite was reported in Quilon sands, India [21].
[22] does not agree with the explanation of [21], unless the primary pseudobrookite was early present in the source area.

For ilmenite alteration of Ti/(Ti+Fe)> 0.7, the Al and Si levels increase rapidly with increasing Ti/(Ti+Fe) ratios, to
maximum values near 1.5 wt% ALOs and 0.5 wt% SiOz. This increase is due to co-precipitation or adsorption of these
elements from the surrounding soil solutions onto the freshly-formed alteration products [23].

The alteration of ilmenite to psr decreases the cell volume up to 13% [24], while it is 6% by [25], and reaches to 40%
by alteration to leucoxene leading to shrinkage cracks. The XRD pattern of psr in comparing with Rutile is similar with
two additional lines of d-values 2.71 Aand 2.98 A[24]. There are more extensive network of nanopores in the hydroxyl-
ian pseudorutile (HPR) than those of psr [26].

In recent two papers, most of the mineralogical features of the homogeneous Egyptian black sand ilmenite, the
different exsolved intergrowths between ilmenite-other mineral components and the partially altered ilmenite grains
were explained [27,28]. Although the alteration to pseudorutile is observed, further alteration to leucoxene is very rare
in the studied sample from Rosetta ilmenite concentrate [29]. The chemical composition of the highly altered leucoxe-
nated Egyptian beach ilmenite grains reflects that the TiO2 ranges between 59.45 and 89.72%, the total iron content
(Fe203) varies from 2.34 to 32.68%, whereas the SiO:2 content varies from 0.89 to 8.19% [30].

In the present article, some of the weakly magnetic altered ilmenite varieties are investigated to explain their min-
eralogical and chemical composition characters. Several Excel softwares are constructed for concluding the chemical
formulas of the various ilmenite alteration products. The different alteration phases and their corresponding molecular
formulas limits will be explained. The most accepted mechanism of their alteration processes are explained. The role of
both of Al2O0s and SiO2 in the process of ilmenite alteration will be also investigated.

2. Materials and Methods

A large bulk sample of the surfacial naturally highly concentrated beach black sand was collected from the beach
area at the Mediterranean coast, 7 km to the east of Rosetta estuary, Egypt. Using both of wet gravity concentration;
Full-size Wilfley shaking tables, magnetic separation; Reading cross belts separators, Carpco high intensity induced roll
separator&Frantz iso-dynamic separator, and Carpco high tension electrostatic separator, each individual high grade
economic mineral is obtained [5,27,28,31]. During the final magnetic refining of the obtained rutile concentrate, a bulk
magnetic fraction is obtained. A relatively smaller representative sample is obtained from this bulk magnetic fraction
and subjected to magnetic differentiation using the Frantz isodynamic magnetic separator to obtain six magnetic frac-
tions and only one non magnetic fraction. In addition to the contained magnetic primary rutile grains, most of these
fractions contain grains of altered ilmenite varieties [32].

The altered ilmenite grains obtained in the two individual magnetic fractions separated at 0.5 and 1 ampere values
which are investigated in this article.

The altered ilmenite varieties obtained of these separated two individual magnetic fractions are investigated
using the binocular and reflected microscopes. The grains are detected using a Cameca SX-100 electron microprobe
analyzer (EMPA); institute of mineralogy and crystal chemistry, Stuttgart University, Germany. The analytical condi-
tions are as described in [31]. Also, the same constructed Excel softwares of [31], to calculate the molecular formulas of
leached ilmenite, pseudorutile, and leached pseudorutile are used.
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3. Results and discussions

3.1. The separated magnetic fraction at 0.5 ampere

The obtained fraction is composed mainly of the black and brown coloured altered ilmenite varieties. The black
grains are more abundant, angular, relatively finer, and with highly pitted surfaces than the brown coloured grains.
The grains of light brown, reddish and yellowish brown colours are highly increased in the fraction [31]. A considerable
number of the black coloured grains are stained to partially coated; from 5 to 90% of the grain's surface, with relatively
lighter soft coloured material (dark brown, yellowish and reddish brown). Others are coated or stained with silica.

In this magnetic fraction several varieties of the brown coloured grains are detected. Three groups of grain varieties
are investigated as follows:

3.1.1. The detected dark brown magnetic variety at 0.5 ampere

In this variety, seven dark brown grains are investigated. Some of the detected spots are either altered silicate
minerals, or individual phases of TiO2 and Fe20s obtained due to the breakdown of the formed lIpsr.

The psr and lpsr spots for the three grains (Figure 1a-1c&Table 1), have TiO: contents range between 68.61 and
84.11% while Fe20s contents range between 6.68 and 20.7%. Their cationic iron ranges between 1.07 and 0.42 while the
Ti/(Ti+Fe) ratio ranges between 0.74 and 0.88. The analyzed spot 1 of grain 1c is an impurity of a silicate mineral. All the
analyzed spots of the grain (Figure 1a), are lpsr. In grain of (Figure 1b), the TiO:z content attains 79.01% while the Fe20s
content decreases to 12.72%. In grain of (Figure 1c), the TiO:z content attains 84.11%, while the Fe20s3 content decreases
to 6.68%. The cationic iron content ranges between 0.42 and 0.49. In the two grains (Figure 1b,1c), the new total oxides
sum after applying the constructed psr Excel program (NT), is greater than 100% for each of the analyzed spots of the
two grains; 104.5-106.11% for the grain 1b and 106.8-108.3% for the grain 1c. Then, either the calculated structural water
and/or the content of the most abundant analyzed oxide (TiO2) as included completely in the contained psr phase is
incorrect. In both the two grains (Figure 1b,1c), comparing the original total oxides sum; before applying the constructed
psr Excel program (OT), and NT for each of them, it is difficult to accept the calculated values of the corresponding
contained str water (Table 1). The lowest OT value is 93.8% which reflects the maximum existence of 6.2% of str and/or
mol water. On the other hand, the highest calculated H2O% by using the adopted psr Excel program is 13.73%. It is
remarked that in the lpsr structure, on reaching a TiO2 content around 68-70%, the mechanism of ilmenite alteration
seems to be changed. Also, as the analyzed TiO: content increases, as the the darkness of the BSE image areas of the
grain increases from 1a to 1c. This may reflect the existence of an individual TiO2 phase; most probably rutile, mixed
homogeneously with the still existed survived Ipsr component. Also, as the content of TiO2 content increases (within a
definite range, 80-85%), as the contents of Al20s& SiO: increase.

The careful investigation of these three last grains reflects that several spots of these three grains are composed of
individual phases for TiO2 and Fe20s. In such spots, it is incorrect to consider the analyzed contents of TiO2 and/or Fe20s
included completely in psr phases.

In the grain of (Figure 1d), the change of alteration mechanism is very obvious at TiO2 contents in the range of 69-
70%; spots 3&4 (Table 1). In each of the two spots 1&2, the individual content of TiO2 and the individual value of the
sum mixed contents Fe2Os+SiO2+Al2Os are very near. However, the investigation of the BSE images of the two spot areas
reflects the breakdown of Ipsr into individual phases where the formed Fe:0s phase may be mixed with SiO2 and Al2Os.
The detected psr&lpsr spots of the grain have the chemical formulas of Fe1.43.057Ti307.46-473(OH)154-427 (Tablel).

In the grain of (Figure le), the spots from 1 to 5 are corresponding to a definite silicate mineral, which contains
definite amount of TiOz. In these five spots as the contents of SiO2+ALO0s+K20 decrease, as the contents of TiO: increase
(Table 1). The spots 6, 7, & 8 are lpsr, the mechanism of alteration for spot 8 is different than that for the other two spots.
In fact, the calculated H2O%; corresponding for the structural OH- of spot 8 seems to be incorrect. The sum weight% of
NT equals 107.7% after the addition of 11.03% of the calculated H2O corresponding to the contained OH-%. Each of the
spots 9,10, 11 & 12 is an individual TiO2 phase mixed with minor Fe20s. It seems that the grain (Figure 1e), was originally
composed of major rutile component with minor exsolved intergrowths of ilmenite which altered to lpsr, and inclusions
of a definite contained silicate mineral. In comparing the contents of 5iO2& ALlOs and the values of OT & NT for the
spots from 9 to 12, it can remarked that an appreciable contents of only Al20s are favorable with TiO: especially in the
presence of str and/or mol water (Table 1). However, the detected psré&lpsr spots of the grain have the chemical formulas
range of Fe158-068T1307.60-5(OH)1.31-4 (Table 1).
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In the grain of (Figure 1f), the analyzed spots from 1 to 6 are corresponding to a definite silicate mineral containing
a definite content of TiO2. Due to its alteration, considerable contents of SiO2, Al20s, CaO, MgO and K20 are lost and an
enrichment of TiO2 from 6.68 to 72.26% is occurred. It should remarked that if these spots; especially spot 6, are inves-
tigated in the absence of their BSE image, it may identified as lpsr. On the other hand, the analyzed spots from 7 to 21
are Ipsr while the spots from 22 to 24 are individual TiO2 phases; most probably rutile, after the collapse of the altered
Ipsr. In these last three spots, the contents of Al2Os and SiO:z almost equal zero where the values of OT equal 99-100.5%.
Then, in comparing them with the spots from 9 to 12 of the grain of (Figure 1e), it is remarked that with the removal of
str and/or mol water, the presence of Al20s and SiO:z with TiO2 (more than 85% TiOz), is not favorable. The detected
psr&lpsr spots of the grain have the chemical formulas range of Fe1.45-0.49Ti307.29-4.44(OH)1.71-456 (Table 1).

In the grain of (Figure 1g), the analyzed spots from 1 to 13 are psr and lpsr. The TiO:z contents range between 65.75
and 70.65%, the Fe20s contents range between 29.7 and 21.75%, and the Ti/(Ti+Fe) ratio ranges between 0.68 and 0.74.
The contents of SiO2, Al2Os MgO and CaO are relatively lower while the contents of MnO are relatively higher than
those of the other analyzed spots from 14 to 20. Also, in comparing the values of OT & NT; especially for the three spots
11, 12, and 13, it can remarked that the calculated structural water contents are not correct and the mechanism of psr
alteration is changed. The analyzed spots from 14 to 20 are Ipsr. Their TiO2 contents range between 74.54 and 79.66%,
Fe20s contents range between 13.55 and 7.09 wt%, and the Ti/(Tit+Fe) ratio ranges between 0.8 and 0.88. The mechanism
of alteration for the first six spots is similar to that of the spots 11, 12, and 13. The spot 20 is composed of an individual
TiO:z phase; most probably rutile, it have relatively darker BSE image than others. Their contents of SiO2, MgO, MnO,
and CaO in addition to Fe20s3 are minimum while the content of Al2Os still relatively higher and the spot still contains
structural and/or molecular water; OT equals 96.19%. The spots of the grain have the chemical formulas of Fei.s-
042T1307.25.426(OH) 175474 (Table1). However, many of these spots of grain 1g are not totally psr/lpsr phases. Other indi-
vidual phases TiO:2 and Fe20s are also contained.

In these detected 7 grains (Figure la-1g), the analyzed spots have the chemical formulas range of Fel.58-
0.42Ti307.69-4.26(OH)1.31-4.74 (Table 1). The Ti/(Ti+Fe) ratio ranges between 0.66 and 0.88.
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Figure 1. The back scattered electron (BSE) images of the altered brown ilmenite grains (1a) to (1g), separated as magnetic
at 0.5 ampere value.

However, according to the BSE images of the grains of Figure (1), the spots having the lowest iron contents (0.49-
0.42) are composed mainly of individual TiO2 and Fe:0s phases due to collapse of the majority of contained psr/lpsr
phases. Then, The cationic Fe contents ranges between 0.42 and 0.49 are discarded as minimum values for the existence
of psr-lpsr phases.

3.1.2. The detected brown, yellowish brown & brownish yellow varieties at 0.5

Forteen grains are investigated of this variety (Figure 2, Table 1). In the grain of (Figure 2a), all the analyzed spots
are lpsr, the calculated structural water content in the calculated molecular formula are not accepted.

In the grain (Figure 2b), the spots from 1 to 7; except of spot 3, are Ipsr. Spots 3 and 8 are located at highly fissured
locations enriched with voids which accelerate the alteration of Ipsr and its broken into individual TiO2 and Fe20s
phases. A considerable amount of hematite is lost and/or replaced with Al2Os. The contents of MnO in spots 3&8 are
similar for MnO contents of the spots from 9 to 13 indicating that these two last spots may be also lpsr collapsed into
individual TiOz2and Fe20s phases.

In the grain (Figure 2c), , the spots from 1 to 4 are composed of lpsr and have relatively lighter BSE image tints,
relatively lower contents of Al20s, SiO2, CaO & Cr20s3 and relatively higher contents of MnO while vice versa for the
spots from 5 to 8.
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The investigated psr-lpsr spots of the three last grains (Figure 2a-2c), have contents of TiOz, Fe20s, Fe, and Ti/(Ti+Fe)
ratio range between 65.07-79.7%, 28.96-13.05%, 1.49-0.7, and 0.67-0.81, respectively. The detected lpsr phases inside them
have the chemical formulas range of Fe1.49-07Ti307.4-511(OH)16-380 (Table 1).

In the grain (Figure 2d), spot 1 is a definite silicate mineral while the spots 2&3 are sphene. Both of the two spots
4&7 are mainly rutile with minor sphene. The spots 5&6 in addition to those from 8 to 12 are rutile with minor of Fe20s
and sphene. Investigating the values of OT for these spots reflects the prescence of structural and/or molecular water.
Also, it is detected that there are considerable contents of Al2Os, SiO2 and CaO with the relatively higher contents of
TiOz. Then, both of the preexisting silicate mineral and sphene are altered and replaced with the enriched TiO:2 phase;
most probably due to definite hydrothermal solutions affecting the area of source rocks bearing for them.

In the grain (Figure 2e), the analyzed spots 1 and 2 are lpsr but of different alteration phases. The analyzed spot 3
is inside a void while the analyzed spot 4 is beside the edge of the grain where the rate of alteration is highly accelerated
and the Ipsr is broken into two individual phases of Fe20s and TiO2. Most of the contained ferric iron phase is leached
out. The grain (Figure 2e), seems was originally ferriilmenite-titanhematite exsolved intergrowth where most of the
hematite content is leached causing partially empty voids of various sizes and shapes. On the other hand, the ferriil-
menite component is altered to lpsr. In comparing between the outside surrounding environment of spot 3 and the
other three spots 1, 2 and 4 may reflects the association of Al203&SiO: at the spot location characterized by a relatively
faster rate of alteration. In the grain (Figure 2f), the analyzed spots 1, 3 and 4 are Ipsr. They have relatively lower contents
of 5i0z, Al20s and CaO and relatively higher contents of MnO and MgO. Both of spots 2&5 have almost similar contents
of TiO2 like that of spots 1, 3 and 4. In contrast, the two spots have relatively lower contents of Fe203, MnO and MgO
and relatively higher contents of SiO2, Al2Os and CaO. Also, the two spots have relatively higher contents of str and /or
mol water. The value of OT of spot 2 equals 91.09% and that of spot 5 equals 90.89%. It is clear that the Ipsr phases of
spots 1, 3 and 4 are different than those of spots 2&5 which their contents of SiO2&Al:Os seem to be associated with the
str and/or mol water characteristic for them.

The Ipsr spots of these two last grains have contents of TiO2, FezOs, Fe, and Ti/(Ti+Fe) ratio range between 73.63-
83.14%, 18.73-11.62%, 0.97-0.5, and 0.75-0.86, respectively. The detected Ipsr spots of the grains have the chemical for-
mulas range of Feo.97.05Ti305.89-4.45(OH)3.11-455 (Table 1).

The grain (Figure 2g), was originally a definite altered silicate mineral where most of the contents of SiO2, AlOs,
Fe203, MgO, Na:z0 and K:0 are leached out with the enrichment of the minor contained TiO2. The detection of the
various analyzed spots of the grain reflects that the decreasing of these oxide contents almost equals the increasing
content of TiO2. Note that the chemical composition of spot 1 seems as lpsr (Table 1, grain 2g).

Both of the two grains (Figure 2h,2i), have the similar Ipsr phase which was broken into oxy- and/or oxyhydroxide
iron and titanium individual phases. In the grain (Figure 2j), spots 1&2 are lpsr of a definite phase while spots 3&4 are
Ipsr of another different phase.

Both of the two grains (Figure 2k,21), are collapsed lpsr into oxy- and/or oxyhydroxide iron and titanium individual
phases. Comparing spots 1, 2 and 3 with spots 4&5 of grain 2k reflects the effect of the content of structural and/or
molecular water on the darkness of BSE image of the analyzed spot areas. As their contents increase, as the darkness
degree increases.

In the grain (Figure 2m), both of the analyzed spots 1,2 and 3 are a definite Ipsr phase mixed with an individual Ti-
phase. Not all the analyzed TiO:2 content is included within the lpsr structure. The spots from 4 to 9 are composed of
mixed two individual phases of iron and titanium which occur as oxy- and/or oxyhydroxides. See both of the BSE image
of grain (Figure 2m), and their corresponding OT% values (Table 1). The recorded Ipsr spots of the two grains (Figure
2j,2m), have contents of TiOz, Fe20s, Fe, and Ti/(TitFe) ratio range between 76.99-83.17%, 15.45-9.12%, 0.85-0.53, and
0.78-0.85, respectively. The detected Ipsr spots of the grains have the chemical formulas range of Feoss505Ti30s554
458(OH)3.46-4.42 (Table 1).

Also, the grain (Figure 2n, Table 1), is composed of mixed two individual phases of iron and titanium each as oxy-
and/or oxyhydroxides. Spot 1 contains more structural and/or molecular water although have relatively lower TiO:
content.

All the detected Ipsr spots of the grains (Figure 2a-2n), have the chemical formulas range of Fe1.49-050Ti307.44.45(OH)1.6-
s46 (Table 1). The Ti/(Ti+Fe) ratio ranges between 0.67 and 0.86.
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Figure 2. The back scattered electron (BSE) images of the altered brown, yellowish brown & brownish yellow ilmenite
grains; (2a) to (2n), separated as magnetic at 0.5 ampere value.
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Table 1. The microprobe chemical analyses and the corresponding molecular formula of the analyzed spots of the altered brown ilmenite grains; (Figure 1a-1g), the altered
brown, yellowish brown&brownish yellow ilmenite grains; (Figure 2a-2n), the altered pale brown, yellow, creamy and white coloured ilmenite grains; (Figure 3a-3i),
separated as magnetic at 0.5 ampere value.

Grains _Spots SiO, MgO MnO CaO ZnO Fe,0; ALO; Cr;03 Na,O K,O TiO, OTotal OH% H20% NTotal Fe; Tis Ox OHy Losed Fe  Ti/(Ti+Fe)
1 062 026 057 046 000 2070 0.63 0.11 0.02 0.01 6881 9219 13.94 7.38 99.58 1.07 3 6.16 2.84 0.93 0.74
4 068 025 051 051 008 1942 061 0.12 0.00 0.01 7050 92.69 15.22 8.06 100.75 099 3 5.93 3.07 1.01 0.75
la 7 075 026 059 039 016 1860 0.67 0.11 0.00 0.01 7142 9298 15.87 8.40 101.38 095 3 5.82 3.18 1.05 0.76
8 074 025 051 037 003 1851 0.64 0.14 0.01 0.03 7215 93.37 16.26 8.61 10199 093 3 5.75 3.25 1.07 0.76
1 070 0.11 029 029 000 1579 0.75 035 0.01 0.01 76.62 94.89 19.26  10.20 105.09 0.75 3 5.26 3.74 1.25 0.80
1b 2 074 012 020 032 000 1422 101 030 0.00 0.01 76.88 93.80 20.17 1068 10449 070 3 511 3.89 1.30 0.81
4 0.76 0.07 019 032 0.00 1413 1.09 039 0.01 000 77.81 94.78 20.27 10.74 10551 070 3 5.10 3.90 1.30 0.81
8 090 0.11 011 032 0.06 1272 1.13 045 0.04 0.04 79.01 94.89 2120 1123 10611 065 3 4.96 4.04 1.35 0.82
1 4827 070 0.01 020 0.04 349 3623 003 004 025 182 91.07 -223.24 -118.23 -27.16 208.70 3 730.28 -721.28  -206.70
1c 2 092 017 0.09 039 003 7.78 1.62 063 0.05 0.03 8215 9383 2453 1299 10682 049 3 4.46 4.54 151 0.86
4 1.07 026 0.03 041 007 7.25 1.53 0.79 0.03 0.05 8243 9391 2466 1306 10697 048 3 4.44 4.56 1.52 0.86
8 087 024 006 037 014 6.68 1.40 0.70 0.03 0.04 8411 94.65 25,67 1360 10824 043 3 4.29 4.71 1.57 0.87
1 585 093 015 050 0.02 1657 2.68 046 0.05 029 6789 9538 7.46 3.95 99.34 143 3 7.46 1.54 0.57 0.68
2 171 051 041 037 001 2328 1.12 025 0.01 0.03 6866 96.34 10.09 5.34 10168 130 3 6.89 211 0.70 0.70
1d 3 0.83 040 020 0.36 0.00 2293 0.82 032 0.02 005 6950 9543 12.05 6.38 10181 118 3 6.51 2.49 0.82 0.72
4 1.08 050 0.29 040 0.03 2181 0.97 035 0.05 0.04 7060 96.10 12.48 6.61 10271 116 3 6.43 2.57 0.84 0.72
7 149 021 0.01 054 0.02 9.70 1.22 060 0.00 0.06 8186 95.69 2279 12,07 107.76 057 3 4.73 4.27 1.43 0.84
1 46.02 623 009 062 010 1612 1021 0.03 010 382 753 90.85 -152.07 -80.53 10.32 4523 3 152.35 -143.35 -43.23
5 3555 648 0.17 044 0.01 1882 820 0.03 0.06 218 2243 9438 -90.07 -47.70 46.67 1290 3 4517 -36.17 -10.90
le 6 160 087 043 014 007 2795 055 0.10 0.03 0.11 6432 96.15 6.04 3.20 99.35 158 3 7.69 1.31 0.42 0.66
8 059 040 0.24 024 008 1451 0.66 0.08 0.06 0.06 79.76 96.66 20.82 11.03 10769 0.68 3 5.00 4.00 1.32 0.81
9 0.16 0.13 0.10 0.23 0.03 3.18 0.93 0.04 0.06 0.01 9111 95097 30.76 1629 11226 019 3 3.54 5.46 1.81
12 0.03 0.03 0.07 018 001 1.25 1.12 0.12 0.06 0.02 9413 97.01 3231 1711 11412 012 3 3.34 5.66 1.88
1 3656 1.09 0.12 110 0.00 376 2565 0.06 0.04 0.14 6.68 7520 -175.18 -92.78 -17.58 4350 3 153.29 -144.29 -41.50
6 1221 046 0.09 032 0.00 220 9.13 0.04 0.00 0.06 7226 96.76 5.75 3.05 99.80 142 3 7.88 1.12 0.58
9 037 0.13 104 0.28 002 2806 0.22 0.00 0.04 0.00 6585 96.00 8.61 4.56 10056 140 3 7.15 1.85 0.60 0.68
1f 13 042 008 094 032 008 2655 0.16 0.05 0.02 0.00 6753 96.14 10.20 5.40 10154 130 3 6.84 2.16 0.70 0.70
17 085 018 035 052 000 1409 0.35 0.06 0.03 0.00 6842 8485 19.19  10.16 95.01 076 3 5.27 3.73 1.24 0.80
21 001 001 025 004 001 1360 0.00 0.03 0.00 0.01 8656 10049 2426 1285 11334 049 3 4.44 4.56 151 0.86
22 001 000 0.02 006 000 253 0.00 0.10 0.00 0.00 96.17 98.89 3275 1735 11624 009 3 3.25 5.75 1.91
24 028 0.00 001 004 001 044 017 0.10 0.02 0.01 9897 100.04 3383 1792 11796 0.04 3 3.13 5.87 1.96
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Grains Spots SiO, MgO MnO CaO ZnO Fe,0O; ALO; Cr,0; Na,O K,O TiO, OTotal OH% H20% NTotal Fe, Ti Ox OHy Losed Fe  Ti/(Ti+Fe)
1 020 0.09 0.7 013 000 2869 0.22 002 001 001 6575 9578 8.69 4.60 10038 139 3 7.13 1.87 0.61 0.68
10 040 0.13 053 031 0.00 2498 040 0.08 0.03 003 6871 9559 11.60 6.14 101.73 121 3 6.58 2.42 0.79 0.71
11 041 010 053 032 003 2378 0.38 005 0.02 001 69.93 9556 12.81 6.79 102.34 113 3 6.35 2.65 0.87 0.73
12 054 016 039 038 0.07 2209 046 0.04 001 001 7046 9460 13.90 7.36 10196 1.06 3 6.16 2.84 0.94 0.74
19 13 069 016 032 036 0.00 21.75 0.71 0.13 0.03 0.02 70.65 94.82 13.76 7.29 102.11 107 3 6.19 2.81 0.93 0.74
15 1.04 021 0.13 045 0.14 1340 1.12 0.12 0.05 0.03 75.04 91.71 19.90 10.54 102.25 0.73 3 5.17 3.83 1.27 0.81
17 1.08 0.22 0.15 052 0.07 11.13 1.09 0.04 0.10 0.02 78.27 92.68 2211 11.71 104.38 0.61 3 4.82 4.18 1.39 0.83
19 1.20 021 0.13 057 010 914 1.17 0.02 0.07 0.00 79.66 92.24 23.59 12.50 104.74 0.54 3 4.60 4.40 1.46 0.85
20 0.08 0.08 001 0.12 0.09 0.79 1.07 0.03 0.08 0.04 93.80 96.19 32.66 17.30 113.49 0.11 3 3.29 5.71 1.89
1 1.03 0.72 034 0.31 0.07 20.14 0.97 0.18 0.01 0.03 7224 96.04 14.09 7.46 103.50 1.06 3 6.15 2.85 0.94 0.74
2a 4 1.02 0.75 040 0.34 0.03 19.66 1.01 0.27 0.05 0.04 73.30 96.86 1451 7.68 104.54 1.04 3 6.07 2.93 0.96 0.74
7 232 047 017 046 0.10 11.24 1.50 0.30 0.03 0.11 79.70 96.37 20.01 10.60 106.97 0.72 3 5.18 3.82 1.28 0.81
1 090 042 052 0.21 0.00 24.15 1.18 0.38 0.00 0.03 68.83 96.61 10.44 5.53 102.14 1.28 3 6.81 2.19 0.72 0.70
2 0.73 025 020 027 002 17.42 1.76 0.62 0.00 0.02 72.10 93.38 15.78 8.36 101.74 0.95 3 5.86 3.14 1.05 0.76
3 0.75 022 003 029 000 6.15 3.17 0.77 0.02 0.02 72.84 84.25 23.07 12.22 96.47 0.57 3 4.71 4.29 143
2b 7 0.65 020 0.17 023 0.00 13.49 151 0.60 0.01 0.01 7540 92.28 19.81 10.49 102.77 0.73 3 5.18 3.82 1.27 0.80
8 114 027 0.05 030 0.00 8.29 5.29 0.67 0.17 0.01 76.40 92.60 19.08 10.11 102.70 0.80 3 5.37 3.63 1.20
9 0.81 023 0.08 030 000 1092 1.78 0.80 0.00 001 7887 93.79 2166 1147 10526 0.63 3 4.90 4.10 1.37
13 078 017 0.08 035 0.00 4.37 1.02 092 001 001 8468 9239 2796 1481 10720 032 3 3.95 5.05 1.68
2 059 013 101 028 006 2511 057 0.46 0.00 001 6825 96.45 10.46 5.54 10199 128 3 6.79 221 0.72 0.70
4 039 0.17 113 0.22 0.08 25.00 0.38 0.32 0.00 0.01 69.34 97.04 11.29 5.98 103.02 1.23 3 6.63 2.37 0.77 0.71
2 6 1.14 0.19 0.23 050 0.00 13.05 1.01 1.04 0.00 0.01 7497 92.13 19.47 10.31 102.44 0.74 3 5.24 3.76 1.26 0.80
8 1.15 0.16 0.20 051 0.05 13.89 0.96 0.93 0.05 0.02 77.16 95.08 19.34 10.24 105.32 0.75 3 5.26 3.74 1.25 0.80
1 29.91 1350 0.84 0.35 0.00 25.04 17.44 0.00 0.10 051 0.97 88.65 -169.17 -89.59 -094 376.74 3 1162.18 -1153.18 -374.74
3 2218 0.02 0.03 20.69 0.00 0.49 0.49 0.01 0.00 0.01 56.16 100.08 -15.79 -8.36 91.72 3.22 3 12.66 -3.66 -1.22
q 6 1.72 023 092 170 0.00 252 3.73 0.09 0.19 0.11 74.06 85.27 23.03 12.20 97.47 0.62 3 4.74 4.26 1.38
2 7 6.94 010 0.16 6.76 0.00 1.43 1.10 0.04 0.08 0.04 82.06 98.69 18.91 10.01 108.70 0.83 3 5.44 3.56 1.17
8 1.28 032 067 126 0.00 3.40 3.16 0.09 0.18 0.04 85.32 95.70 25.34 13.42 109.13 0.49 3 4.37 4.63 151
12 1.19 012 0.27 1.02 0.00 1.21 1.71 0.06 0.14 0.06 9173 97.52 29.59 15.67 113.19 0.26 3 3.74 5.26 1.74
1 0.34 057 043 0.15 0.00 17.35 0.71 0.14 0.07 0.03 74.75 94.53 17.93 9.50 104.02 0.85 3 5.47 3.53 1.15 0.78
2 020 0.41 0.12 0.08 000 1162 0.33 010 0.05 002 8314 96.07 2435 1290 10896 050 3 4.45 455 1.50 0.86
2e 3 1.04 0.09 0.03 010 0.00 287 2.04 0.10 0.06 0.04 84.43 90.78 28.62 15.16 105.94 0.29 3 3.89 5.11 171
4 004 022 004 001 000 777 011 005 001 000 89.72 9796 2846 1507 11303 029 3  3.84 5.16 1.71
1 072 032 021 024 000 1873 143 0.43 0.08 007 7363 9585 15.56 8.24 10410 097 3 5.89 3.11 1.03 0.75
2 091 026 0.08 037 000 1360 1.70 0.44 0.07 002 7364 91.09 18.87 9.99 101.08 079 3 5.34 3.66 1.21 0.79
2f 3 072 031 016 023 000 1799 1.30 0.41 0.02 003 74.07 9525 16.43 8.70 10395 092 3 5.74 3.26 1.08 0.77
4 0.68 031 0.18 0.30 0.00 1591 1.21 0.39 0.05 0.02 7411 93.15 18.04 9.55 102.71 0.83 3 5.47 3.53 1.17 0.78
5 1.01 025 0.08 044 0.00 12.30 1.73 0.52 0.08 0.03 74.47 90.89 19.76 10.46 101.35 0.74 3 5.20 3.80 1.26 0.80
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Grains Spots SiO; MgO MnO CaO ZnO Fe0O; AlLO; Cr,0; Na,O KO TiO, OTotal OH% H20% NTotal Fe, Tis Ox OHy Losed Fe  Ti/(Ti+Fe)
1 1338 122 0.03 043 0.00 871 4.02 010 014 0.72 6887 97.62 291 1.54 99.16 164 3 8.41 0.59 0.36
29 2 545 044 001 039 000 655 144 009 019 028 8275 9759 2059 1090 10850 067 3 5.16 3.84 1.33
2h 2 126 023 017 029 000 6.64 156 108 006 0.03 8563 9695 2505 1327 11021 046 3 4.39 4.61 1.54
. 1 099 019 017 041 0.00 556 1.03 151 0.05 0.00 84.84 9474 2625 1390 108.64 040 3 4.20 4.80 1.60
A 3 101 016 008 037 000 555 1.04 162 010 0.05 8732 9728 2642 1399 11127 039 3 4.17 4.83 1.61
. 2 094 054 009 046 000 1333 0.74 091 002 005 7956 96.64 2042 10.82 10745 070 3 5.08 3.92 1.30 0.81
4 4 094 016 003 037 000 530 062 137 0.08 0.04 8836 9727 2741 1451 11178 034 3 4.02 4.98 1.66
1 061 017 0.03 042 0.00 375 0.72 090 005 003 8749 9416 29.09 1540 10957 027 3 3.78 5.22 1.73
2 062 015 003 032 000 412 0.67 073 005 005 87.88 9463 29.07 1540 11002 027 3 3.78 5.22 1.73
2k 3 065 012 002 033 000 402 067 080 002 006 8898 9568 29.17 1545 11113 026 3 3.77 5.23 1.74
4 086 015 0.00 042 000 298 073 138 0.07 0.05 9148 9812 2925 1549 11361 026 3 3.77 5.23 1.74
5 077 017 002 041 000 274 0.67 141 0.00 0.03 9172 9793 2960 1568 11361 024 3 3.71 5.29 1.76
1 105 020 0.03 042 0.00 339 206 106 004 005 8822 9652 2740 1451 11103 035 3 4.06 4.94 1.65
2 4 103 021 008 037 000 279 182 110 0.07 0.05 89.26 96.77 2813 1490 11167 032 3 3.95 5.05 1.68
2 078 019 009 020 000 1107 264 018 0.08 003 8163 9689 2162 1145 10833 064 3 4.92 4.08 1.36 0.82
om 3 073 017 002 025 000 912 221 019 006 004 8317 9595 2374 1257 10852 053 3 4.58 4.42 1.47 0.85
5 075 015 007 027 000 523 161 024 006 001 8539 9377 2737 1450 10827 035 3 4.04 4.96 1.65
9 067 014 006 026 000 501 155 024 005 002 8735 9536 2786 14.76 11011 033 3 3.97 5.03 1.67
on 1 090 017 0.05 041 0.00 4.62 1.05 059 003 002 8582 9366 2790 14.78 10844 032 3 3.96 5.04 1.68
5 088 015 003 029 000 383 099 069 008 004 9005 97.02 2887 1529 11231 028 3 3.82 5.18 1.72
2 1.03 024 008 053 000 9.89 314 060 009 002 7837 9398 2059 1090 10489 070 3 5.09 3.91 1.30 0.81
3a 3 100 022 006 051 000 918 298 060 007 002 7927 9391 2150 1139 10530 065 3 4.95 4.05 1.35 0.82
5 098 024 004 040 000 1039 290 081 012 005 80.73 96.66 20.83 11.03 10769 069 3 5.05 3.95 131 0.81
6 096 025 003 036 000 1051 262 090 010 0.07 8131 97,09 2111 1118 10827 067 3 5.00 4.00 1.33 0.82
30 1 187 048 0.09 050 0.00 419 230 082 006 005 8213 9249 2489 1318 10567 048 3 4.45 4.55 1.52 0.86
3 123 031 011 041 000 436 211 065 012 0.09 8415 9354 2618 13.87 10740 042 3 4.24 4.76 1.58 0.88
5 170 039 003 039 000 383 217 097 012 008 8661 9628 2598 13.76 11004 043 3 4.28 4.72 1.57 0.88
1 9764 0.00 0.00 0.01 0.00 002 001 0.03 000 001 114 98.86 -271.13 -14359 -4473 34060 3 1365.08 -1356.08 -338.60
3c 2 073 013 005 031 000 322 116 175 007 0.01 8811 9554 2838 1503 11057 030 3 3.89 5.11 1.70 091
6 079 014 005 030 000 335 1.23 164 008 002 8949 9708 2833 1500 112.08 030 3 3.90 5.10 1.70 0.91
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Grains Spots SiO, MgO MnO CaO ZnO Fe,0O; AlLO; Cr,0; Na,O K,O TiO, OTotal OH% H20% NTotal Fe, Tiz Ox OHy Losed Fe  Ti/(Ti+Fe)
1 10.89 4.09 0.13 0.17 0.00 8.40 4.86 0.10 0.03 0.82 67.82 97.32 2.35 1.25 98.57 179 3 8.52 0.48 0.21
2 9.28 373 0.07 028 0.00 7.78 4.79 0.11 0.08 0.61 70.15 96.87 5.92 3.14 100.00 157 3 7.81 1.19 0.43
3d 4 754 332 007 014 0.00 6.33 3.81 0.11 0.04 0.19 75.80 97.35 12.28 6.50 10386 118 3 6.62 2.38 0.82
7 1033 051 005 016 000 347 077 0.10 0.06 027 8336 99.09 18.28 968 10877 074 3 5.61 3.39 1.26
1 348 030 001 030 000 449 5.10 043 009 008 8347 97.76 2076 1100 10876 068 3 5.15 3.85 1.32 0.81
3e 4 277 026 0.02 0.28 0.00 4.00 4.44 0.44 0.06 0.05 85.30 97.62 22.89 12,12 109.74 057 3 4.80 4.20 143 0.84
6 178 020 000 030 0.00 440 3.82 0.42 0.02 0.03 86.42 97.41 24.54 1299 11040 049 3 452 448 151 0.86
3f 2 1968 166 004 039 000 588 1299 0.11 009 018 54.08 9509 -20.82 -11.03 8406 316 3 13.65 -4.65 -1.16
3 1447 092 0.05 036 000 597 10.83 0.11 0.12 0.08 63.31 96.21 -5.62 -2.98 93.24 214 3 10.17 -1.17 -0.14
5 467 035 0.03 045 000 7.81 3.00 0.11 0.11 0.04 80091 97.48 18.86 9.99 107.47 076 3 5.44 3.56 124
7 149 004 003 036 000 745 0.74 0.08 0.1 002 8733 9765 2611 13.83 11148 040 3 422 4.78 1.60
3g 1 4665 149 003 044 000 527 2901 004 129 273 311 90.06 -198.23 -104.98 -14.92 11983 3 403.44 -394.44  -117.83
3 3048 0.00 0.00 28.84 0.00 0.14 0.56 0.01 0.02 0.00 4106 101.11 -4262 -22.57 78.54 6.04 3 21.07 -12.07 -4.04
5 30.06 000 0.03 2843 000 021 0.78 0.03 001 001 4121 100.76 -42.06 -22.28 7849 597 3 20.86 -11.86 -3.97
6 510 000 000 046 000 018 0.09 0.06 000 003 8487 9080 2797 1481 10561 028 3 4.05 4.95 1.72
9 005 002 000 032 000 027 0.00 0.05 001 003 10031 101.05 3420 1811 11916 003 3 3.07 5.93 1.97
3h 3 2834 001 000 2651 000 111 244 0.01 000 001 4192 10033 -4049 -2145 7888 575 3 2025 -11.25 -3.75
4 2751 0.02 0.00 2523 0.00 231 1.8 0.00 000 000 4376 100.00 -36.32 -19.24 80.76 526 3 1882 -9.82 -3.26
5 204 038 011 099 000 333 881 0.02 018 006 7212 88.04 16.90 8.95 9699 094 3 5.81 3.19 1.06
6 020 002 000 071 000 233 044 0.00 000 002 9697 10068 3191 1690 11758 013 3 3.38 5.62 1.87
10 001 001 000 056 000 035 0.00 0.01 0.02 0.01 100.07 101.02 34.07 18.04 11906 004 3 3.08 5.92 1.96
3i 1 051 010 003 024 000 597 0.87 0.78 005 000 8472 9327 2749 1456 10783 034 3 4.01 4.99 1.66
4 048 0.09 0.00 022 000 597 0.88 079 004 001 8601 9449 2764 1464 10913 033 3 3.98 5.02 1.67
8 051 008 000 021 000 559 0.81 0.79 0.11 0.03 89.22 97.36 28.16 1491 11227 031 3 391 5.09 1.69
10 060 0.10 001 010 000 491 082 0.83 0.11 003 9030 97.80 28.64 1517 11297 028 3 3.84 5.16 1.72
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3.1.3. The detected pale brown, yellow, and creamy coloured grain varieties at 0.5 ampere

Nine grains are investigated of this coloured grain varieties (Figure 3, Table 1). The grain (Figure 3a), is composed
of a definite Ipsr phase with variable amounts of structural and/or molecular water. Both of spots 1, 2 and 3 contain
relatively higher amounts of str and/or mol water than those of spots 4, 5 and 6. The detected lpsr spots have contents
of TiOz, Fe20s, Fe, and Ti/(Ti+Fe) ratio range between 77.38-81.31%, 10.89-9.18%, 0.72-0.67, and 0.81-0.82, respectively.
The chemical formulas range are of Feo.72-0.67T1305.14-4.95(OH)3.86-4.05 (Table 1).

Except of spot 1 in the grain (Figure 3c), which is composed of silica, both of the three grains (Figure 3b,3c and 3e),
are broken Ipsr.

In the grain (Figure 3d), the contents of Al2Os are varies directly with the contents of Fe2Os in the analyzed spots.
The contents of the analyzed Al20s are most probably related to the mechanism of psr alteration. It is clear that the
contents of only SiO2 are produced from an altered silicate mineral. In this grain as the TiO: contents enriched (more
than 82%), as the contents of Al2Os and structural and/or molecular water are highly decreases. The values of OT of the
various analyzed spots are more than 98%.

In the grain (Figure 3f), spots 1, 2 and 3 are for a definite altered silicate mineral where most of S5iO2, Al2Os and
MgO contents are leached out while the TiO2 contents are enriched. The spots 4, 5, 6 and 7 are mixed individual phases
of Ti and Fe oxides.

Spot 1 of the grain (Figure 3g), is of a definite silicate mineral. The spots from 2 to 5 are sphene which seems have
homogeneous chemical composition. The spots from 6 to 9 are for individual TiO2 phase; most probably rutile. The
contents of of Al:Os in these last four spots indicate that the AL:Os are not compatable with the well-defined rutile
structure; TiO2 ranges between 84.87 and 100.31%.

The spots from 1 to 4 of the grain (Figure 3h), are sphene. Comparing the chemical composition of spots 3, 4, with
spot 5 may ensure that in spot 5 both of SiO2 and CaO of sphene are leached by solutions containing both Al20s and
Naz0, leading to the enrichment of the immobile TiO2. The spots from 6 to 10 are rutile after the leaching of sphene.
These spots reflect the incompatibility of SiO2& Al2Os in the structure of rutile.

In the grain (Figure 3i), the spots of this grain are broken Ipsr where they are composed mainly of individual TiO2
phase and minor Fe20s phase.

3.1.4. The detected black coloured grains at 0.5 ampere

Seven black grains are investigated in the magnetic fraction of 0.5 ampere (Figure 4, Table 2). The grain (Figure 4a),
is composed of Psr and Ipsr phases. As the TiO:2 contents increase, as the contents of structural and/or molecular water
increase. Also, according to the values of OT and NT of these spots, the calculated contents of structural water are not
accepted. The presence of an individual TiO2 phase associated with the Ipsr phase is postulated (Table 2, grain 4a).
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100pum (b) —100pm ——100pm

50um

Figure 3. The back scattered electron (BSE) images of the altered pale brown, yellow, creamy and whitecoloured ilmenite
grains; (3a) to (3i), separated as magnetic at 0.5 ampere value.

50pm — 50um —100pum

100pm —100pum

100pm (g) —_—100pum

Figure 4. The back scattered electron (BSE) images of the altered black ilmenite grains; (4a) to (4g), separated as magnetic
at 0.5 ampere value.
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Table 2. The microprobe chemical analysis and the corresponding molecular formula of the analyzed spots of the altered black ilmenite grains; (Figure 4a-4g), separated
as magnetic at 0.5 ampere value.

Grains Spots SiO, MgO MnO CaO ZnO Fe,0O; AlLO; Cr,0; NaO K,O0 TiO, OTotal OH% H,0% NTotal Fe, Tiz Ox OHy LosedFe  Ti/(Ti+Fe)
1 044 018 093 0.20 0.00 29.35 0.26 0.19 0.04 003 6415 95.76 6.97 3.69 9945 151 3 748 152 0.49 0.66

Fig. 4a 2 046 020 0.93 021 000 26.59 0.29 0.15 0.01 0.02 67.01 95.87 9.77 5.17 101.04 133 3 6.92 2.08 0.67 0.69
3 058 022 0.80 0.24 000 24.25 0.35 0.23 0.09 0.04 6844 9523 1154 6.11 10135 122 3 659 241 0.78 0.71
4 0.67 027 0.77 027 0.00 23.46 0.44 0.19 0.08 0.03 6943 9560 1217 6.44 102.04 118 3 648 252 0.82 0.72
1 0.74 025 0.95 018 0.00 36.16 0.28 0.09 0.01 0.03 59.16 97.83 0.13 0.07 97.90 201 3 897 0.03 0.01- 0.60
Fig. 4b 2 027 014 086 0.14 000 3245 0.18 0.10 0.00 0.00 63.08 97.22 4.96 2.63 9985 165 3 789 111 0.35 0.65
3 027 008 0.71 016 0.00 30.98 0.16 0.08 0.01 0.02 6376 96.22 6.34 3.36 99.58 155 3 7.60 1.40 0.45 0.66
4 061 019 044 025 000 2514 0.36 0.14 0.04 0.03 68.88 96.07 11.32 6.00 10206 122 3 6.63 237 0.78 0.71
1 0.12 0.07 150 0.08 0.00 34.40 0.11 0.02 0.03 0.00 62.68 99.01 3.57 1.89 10090 176 3 819 0.1 0.24 0.63
Fig. 4c 2 012 012 148 0.08 0.00 33.86 0.11 0.02 0.01 0.02 6310 9892 4.06 2.15 101.07 173 3 8.08 0.92 0.27 0.63
3 0.17 011 162 011 0.00 33.97 0.12 0.03 0.02 0.01 63.68 99.83 4.05 2.15 10197 173 3 809 0091 0.27 0.63
1 020 030 0.93 0.07 000 3197 0.15 0.05 0.00 0.01 6375 97.43 5.54 2.93 10036 161 3 7.77 123 0.39 0.65
Fig. 4d 2 028 039 151 010 0.00 30.44 0.15 0.04 0.02 0.02 64.02 96.96 6.17 3.27 10023 158 3 7.64 1.36 0.42 0.65
3 035 032 043 012 0.00 29.03 0.20 0.05 0.08 0.01 6645 97.07 8.37 4.43 10150 142 3 720 1.80 0.58 0.68
1 020 021 140 012 0.00 3133 0.14 0.04 0.06 0.02 6510 98.63 6.22 3.29 10192 158 3 7.63 137 0.42 0.66
Fig. 4e 2 057 032 0.99 031 000 20.69 0.41 0.15 0.05 0.02 7112 9464 1456 7.71 10235 1.04 3 6.04 296 0.96 0.74
3 061 029 110 0.28 0.00 20.31 0.47 0.16 0.08 0.03 7148 9481 1476 7.82 10263 1.03 3 6.01 299 0.97 0.74
4 051 026 121 029 000 20.74 0.36 0.14 0.07 0.03 7251 96.12 1491 7.90 10402 1.02 3 597 3.03 0.98 0.75
1 034 029 032 013 0.00 24.03 1.32 0.31 0.04 0.02 7162 9841 1210 641 10482 118 3 6.50 250 0.82 0.72
Fig. 4f 2 047 025 021 016 0.00 21.62 1.46 0.45 0.04 0.01 7470 99.38 1420 7.52 106.89 1.05 3 6.12 2.88 0.95 0.74
3 097 0.16 0.03 035 0.00 7.45 1.72 0.95 0.08 0.06 8565 9742 2480 13.14 11055 048 3 442 458 1.52 0.86
1 042 025 042 014 000 3132 0.25 0.16 0.04 0.01 6426 97.25 5.98 3.17 10042 157 3 7.68 132 0.43 0.66
Fig. 49 2 065 023 025 022 000 27.76 0.42 0.27 0.05 0.03 67.82 97.69 9.08 4.81 10250 136 3 7.06 194 0.64 0.69
3 066 016 034 027 0.00 2537 0.50 0.29 005 005 6950 9718 1107 586 103.05 124 3 6.68 232 0.76 0.71
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In the grain (Figure 4b), spot 1 is psr. Taking the calculated value of cationic iron of this spot into consideration (
Table 2), it is detected that some amounts of analyzed iron still present as the divalent iron Fe*. The psr of spot 1 is
different than that of spots 2&3 which in turn are different than that of spot 4.

The values of OT for the analyzed spots of the other five grains (Figure 4c-4f), reflect that the grains are psr-lpsr of
various chemical formulas. Some of their analyzed spots contain individual phases of TiO: in addition to the Ipsr phases.
As for example, the spots of 2, 3, and 4 of grain (Figure 4e), are lpsr of the same phase. The calculated NT values ensures
that the calculated structural water is incorrect where the mechanism of alteration at these TiO2 contents of the spots is
changed.

The recorded psr-lpsr spots of the grains of (Figure 4), have contents of TiO2, Fe20Os, Fe, and Ti/(Ti+Fe) ratio range
between 59.16-74.7%, 36.16-20.31%, 2.01-0.48, and 0.6-0.75, respectively. The psr-lpsr spots of the grains have the chem-
ical formulas range of Fe201-048T1308.97-4.42(OH)0.03-448 (Table 2).

According to [33], within the pseudorutile composition range (60-71% TiO2), the water content increased from ~ 2
to 4.5 wt.% with decreasing iron oxide content. The intermediate alteration phases comprised mixtures of TiO2 with
iron hydroxides.

In fact, within the given composition range of [33], the maximum limit of water content for the produced Ipsr
phases may be much more than the given maximum limit value. Even the lower limit value may be relatively lower
than ~ 2%.

3.2. The separated magnetic fraction at 1 ampere

The magnetic fraction at one ampere is composed of light brown, brownish yellow and creamy coloured grains in
addition to minor of the black grains. Most of the grains are spherical, sub-rounded to well rounded. The relatively
coarser grains have highly pitted surfaces while the relatively finer ones have smooth surfaces.

Some grains of the magnetic fraction at 1 A are separated as light fraction of Clerici's solution (sp. Gr. = 4 g/cm?).
The grains have several coloured tints of pale brown, yellow, and cream with highly pitted surfaces. They contain a
considerable number of the forementioned stained and coated grains.

Eight grains are investigated in the fraction (Figure 5, Table 3). Both of the two grains (Figure 5a,5b), are black, the
five grains (Figure 5c-5g), have black cores and their surfaces are highly stained or partially coated with brownish,
reddish, or yellowish white materials. The grain (Figure 5h), seems as locked grain between submetallic opaque mineral
and altered light-coloured material.

Investigating the analyzed spots of grain 5a, reflects that as the TiOz contents increase, as the contents of str and/or
mol water increase. Also, some of individual TiO:2 phase; most probably rutile, may be present with Ipsr. The Ipsr phase
of spots 1&2 is different than that of spots 3&4.
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Figure 5. The back scattered electron (BSE) images of the altered black and brownish black coloured ilmenite grains; (5a)
to (5h), separated as magnetic at 1 ampere value.

The grain (Figure 5b), is composed of lpsr except of spot 1 which is leached ilmenite containing 38.6% Fe20s, 0.51%
FeO, and a sum total oxides of 99.89%. The calculated chemical formula is Fe?*0.0s Fe3*1.94 Other cations 0.0Ti309 with a
0.97 as losed cationic iron.

In the brownish black grain (Figure 5c), spot 1 is an inclusion of titanomagnetite. The spots from 2 to 5 are sphene.
The spots from 8 to 12 are ferriferous rutile where the contents of Fe:0s decrease as the contents of TiO: increase and
the OT values ranges between 100.3 and 100.8%. According to the BSE image of spot 6, it most probably a mixture of
hydrated Ti and Fe oxide phases. On the other hand, spot 7 which is located inside a void, is ferriferous rutile where
most of its iron content is leached.

The spots of grain (Figure 5d), contain an enriched TiO2 phase; most probably rutile, after the alteration of a definite
silicate mineral composed mainly of S5iO2, Al2Os, Fe20s3, CaO, MgO and K20 with minor TiO2. The spots from 3 to 7 are
highly enriched TiO: phase after the leaching for most of the other associated oxides. It was remarked that some spots
of altered silicate minerals can be falsely considered as psr and lpsr according to their chemical compositions. Hence,
both of the back scattered electron image (BSE) of the analyzed spot and the chemical composition analyses are at least
required for the correct interpretation for such investigated situations. Also, it is obvious that the dependence on the
powdered X-ray diffraction analysis (XRD) may be not enough to give correct decision during the investigation of some
analyzed grains related to psr and lpsr alteration phases. The single crystal XRD may be more efficient technique in
such situations.

The spots 1, 2 and 3 of the grain (Figure 5e), are sphene, both of spots 4&5 are leached ilmenite where the calculated
contents of FeO, Fe20s and the losed iron value are 8.21%, 29.59% and 0.77 for spot 4; 19.99%, 21.04% and 0.55 for spot
5. Both of spots 6&7 are individual TiOz phases. Then, it is clear that sphene is substituted for preexisting ilmenite while
the remaining ilmenite is altered to leached ilmenite.
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The spot 1 of the grain (Figure 5f), is an altered silicate mineral. Spot 2 is mixture of silica and TiO2. Spot 3 is ilmenite
and rutile where most of the iron content is ferrous iron (Table 3); the other three spots are rutile.

The spots 1&2 of the grain (Figure 5g), are psr, spot 3 is broken Ipsr to rutile and hematite. The spots from 4 to 7
are rutile after the leaching for most of the associated Fe20s contents causing many of scattered voids inside the grain.

The spots of 1,2 of the grain (Figure 5h), are leached ilmenite where the calculated contents of FeO, Fe2Os and losed
iron values are 28.8%, 12.05% and 0.33 for spot 1; 9.49, 29.63 and 0.76 for spot 2. The spots from 3 to 6 are rutile after the
leaching of the associated Fe:0s; both rutile and hematite are obtained from a preexisting Ipsr phase.

The detected psr-Ipsr spots of the grains (Figure 5a,5b and 5g), have contents of TiO2, Fe20s, Fe, and Ti/(Tit+Fe) ratio
range between 60.75-79.91%, 37.3-11.47%, 1.86-0.62, and 0.62-0.83, respectively. The detected lpsr spots of all the grains
of (Figure 5), have the chemical formulas range of Fe1.s¢-0.62Ti30s.53-4.83(OH)0.47-417 (Table 3).

3.3. The XRD results.
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Table 3. The microprobe chemical analyses and the corresponding molecular formula of each analyzed spot of the altered black and browbnish black opaque ilmenite grains; (Figure 5a-5h), separated as
magnetic at 1 ampere value.

Grains Spots SiO; MgO MnO CaO ZnO Fe,0O; AlLO; Cr,0; Na,O K,O TiO, OTotal OH% H,0% NTotal Fe, Tiz Ox OHy LosedFe Ti/(Ti+Fe)
Fig.sa 1 040 017 030 0.18 0.00 2757 0.65 025 0.04 001 6935 98.92 9.79 519 10411 132 3 692 2.08 0.68 0.69

3 071 025 021 042 000 1363 114 047 005 005 7889 9581 2048 1084 10665 070 3 507  3.93 1.30 0.81
, 1 013 006 047 005 000 3918 006 003 007 002 59.87 9996 -012 -007 9989 203 3 903 -0.03 -0.03
Fig-5b 5 006 005 044 008 000 3730 001 001 003 002 6174 9974 203 108 10081 186 3 853 047 0.14 0.62
8 023 006 060 011 000 2971 024 007 003 003 6631 9739 813 430 10169 143 3 724 176 0.57 0.68
1 000 000 000 022 000 9884 000 004 00l 000 434 10345 -86.63 -4588 5757 6854 3 208.37 -199.37 -66.54
2 3038 000 000 2861 000 399 083 002 003 002 3611 9999 -50.38 -2668 7331 719 3 2452 -1552 519
5 2826 002 016 2660 000 1.62 031 003 002 004 4384 10090 -3659 -1938 8152 533 3 1895 -9.95 -3.33
Fig5c 6 048 015 068 087 000 2318 033 004 005 004 7046 9629 1284 680 10309 114 3 635 265 0.86
7 191 028 010 153 000 404 128 011 025 021 8181 9151 2577 1365 10515 046 3 429 471 1.54
8 004 000 054 072 000 719 000 004 000 000 9228 100.81 2855 1512 11593 029 3 382 518 171
10 002 003 000 069 000 303 000 009 000 00l 9639 10026 31.95 1692 11718 013 3 336 564 1.87
12 014 000 001 081 000 092 000 006 005 002 9845 10047 3327 17.62 11809 008 3 319 581 1.92
_ 3 003 003 000 001 000 135 000 002 001 002 9809 9955 3368 17.84 11738 005 3 314 586 1.95
Fig-5d 5 400 000 003 004 000 068 000 000 002 001 9844 9922 3418 1810 11732 003 3 307 593 1.97
7 011 000 000 005 000 040 000 000 004 002 99.68 10030 3426 1814 11844 002 3 3.06 594 1.98
1 3009 000 002 2855 000 088 118 007 003 003 3802 9886 -46.67 -2471 7415 660 3 2272 -13.72  -4.60
2 2985 001 000 2805 000 023 049 009 002 002 3924 9799 -4374 -2316 7483 618 3 2150 -1250  -4.18
_ 3 3006 000 000 2813 000 032 028 008 004 003 4095 99.89 -41.84 -2216 7773 594 3 2078 -11.78  -3.94
Fig.5¢ 4 041 020 107 053 000 3871 005 013 00l 005 57.37 9854 -198 -105 9749 219 3 948 -0.48 -0.19
5 000 016 226 042 000 4324 000 012 001 001 5748 10371 -466 -247 10124 245 3 1016 -1.16 -0.45
6 002 000 002 090 000 007 000 047 001 000 9815 99.63 3367 17.83 11746 006 3 314 586 1.94
7 000 000 000 062 000 018 000 044 000 000 9836 99.61 3384 1792 11753 005 3 311 589 1.95
1 4369 487 005 042 000 1528 1164 005 015 326 904 8845 -14544 -77.03 1142 3581 3 12237 -113.37 -3381
Fig-5t 5 7887 095 000 016 000 219 207 003 010 059 1083 9579 -18403 -97.46 -1.68 3148 3 12518 -11618 -29.48
3 007 003 403 005 000 3932 000 000 002 002 6279 10633 -045 -024 10609 211 3 911 -0.11 -0.11
1 095 037 072 033 000 3119 082 030 010 002 6075 9554 301 160 9714 180 3 832 068 0.20 0.63
Fig.5g 3 045 015 000 020 000 754 029 027 002 004 8313 9708 2764 1464 11172 033 3 397 503 1.67
4 040 005 000 007 000 1.64 013 004 000 001 9741 99.76 3288 1741 11717 008 3 325 575 1.92
7 000 001 000 003 000 050 000 004 002 002 99.64 10027 3429 1816 11843 002 3 3.06 594 1.98
Fig.sh 3 158 026 000 020 000 147 082 000 005 005 9532 99.76 3074 1628 11604 019 3 358 542 1.81
6 052 001 002 013 000 085 040 002 001 001 9726 9924 3304 1750 11673 008 3 324 576 1.92
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A small representative sample is taken from the magnetic fraction at 0.50 ampere. 200 grains are picked from each
of the two detected coloured varieties; the various brown-coloured varieties and the black variety. The grains of each
colour variety are splitted into two equal samples; each of 100 grains. One sample is subjected to the XRD and the other
is roasted at 1100 °C for one hour and then treated using the XRD instrument. The sample of the non roasted brown
coloured variety gave the composition of pseudorutile and rutile (Figure 6a) while after roasting gave the composition
of rutile, pseudobrookite, and quartz (Figure 6b).

The results ensure the presence of individual TiO2 phase (rutile), in association with the psr/lpsr alteration phases.
Also, it is obvious that the hexagonal psr structure is unstable in comparison with the tetragonal rutile structure, a
considerable TiO: content escaped from the broken psr structure and diffused inside the rutile structure. Both of the
remaining TiO2 and most of the Fe20s contents of the collapsed psr are modified into the orthorhombic pseudobrookite
structure which seems to be more stable under the new prevailing conditions.

The sample of the non roasted black coloured variety gave the composition of rutile, hematite and quartz (Figure
6¢c) while after roasting gave the composition of pseudobrookite, rutile, hematite and quartz (Figure 6d). It is obvious
that the presence of individual phases of TiOz, Fe2Os, and SiO: affect the detection of individual psr/lpsr phases in X-
ray diffractogram pattern.

It was noticed that after roasting most of the stained and/or coated materials are changed into translucent-trans-
parent yellow and red primary rutile. Also, some of fibrous and very fine fragments of colourless silica are noticed in
the container in which the magnetic grains are roasted.

A small representative sample (200 grains) is taken from the separated relatively lighter grains (sp. Gr. <4 g/cm?3),
of the magnetic fraction at 1 A. The grains are splitted into two equal samples, the first sample subjected to the XRD
while the second subjected to roasting at 1100 °C for one hour and then treated using the XRD instrument. The first
sample is composed of rutile with minor anatase and quartz (Figure 6e). The roasted sample gave the pattern of only
rutile (Figure 6f). The detected mineral patterns are as accordance to the ASTM card numbers 4-0551, for rutile;19-182,
for pseudorutile; 9-182, for pseudobrookite; 13-534, for hematite and 4-0477 for anatase.

The presence of anatase is not surprised. In some of the partially leucoxenated, or partially replaced ilmenite parts
(e.g. by sphene), the final obtained TiO:2 polymorph of these parts may differ than that due to the leucoxenation of the
non-altered; or the non-replaced, ilmenite component of the same grain. Also, the nature of the non-altered ilmenite
component; whether normal ilmenite or ferriilmenite, the presence of exsolved titanhematite inside it, the orientation
and relative percentage of such exsolved lamellae in the host ilmenite, may play another role in determining the formed
type of the produced TiO: polymorph due to the difference of alteration rates. Because the rate of alteration could de-
termine the type of the produced TiO: polymorph [13,34]. Then, the altered grains can contain more than one type of
TiO2 polymorph due to its complete leucoxenation.
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Figure 6. The X-ray diffractograms of the different altered ilmenite grains: the magnetic brown altered ilmenite of 0.5
ampere value before roasting (a) and after roasting (b); the magnetic black altered ilmenite of 0.5 ampere value before
roasting (c) and after roasting (d); the non-magnetic altered ilmenite separated as light clerici's solution of lampere value
before roasting (e) and after roasting (f).

3.4. The role of SiO2 and Al:Os in ilmenite alteration process

In many of the previous literatures, both of the recorded SiO:& Al:Os contents are considered as impurities and
must be removed from the total oxides sum followed by the recalculation and correction of the other analyzed oxides.
However, in case of lpsr phase spots, the most abundant analyzed oxide; TiO2%, of the spot which will be highly affected
by the recalculation and correction process. It increases with a relatively much more percent than the other analyzed
oxides ; especially Fe20s, the second major oxide of lpsr spot analysis. Then, if SiO2 and/or Al2Os are not impurities in a
definite analyzed spot, but one or both them are originally associated with only TiO:z or with only Fe20s then, some
misleading results will be obtained due to the recalculation and corrections.

Aluminum and silicon are enriched due to iron depletion during the first stage of alteration, but their concentra-
tions remain quite low, Al203< 0.4% and SiO2<0.1% [23,35]. For Ti/ (Ti+Fe) > 0.7, the aluminum and silicon levels increase
rapidly with increasing Ti/(Ti+Fe) ratios, to maximum values near 1.5% Al2Os and 0.5% SiO2. This increase is due to co-
precipitation or adsorption of these elements from the surrounding soil solutions onto the freshly-formed alteration
products [23].
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The occurrence of gibbsite and clay minerals within the pores of the weathered grains was postulated. Then, the
increase of Al and Si contents with the increase of Ti/(Ti+Fe) ratio as a consequence of the increase of abundance of pores
available for crystallization of clay minerals, as ilmenite and pseudorutile alter isovolumetrically to porous rutile [18].

The presence of Al&Si is either inherited from original inclusions, kaolinite alteration of these inclusions or precip-
itated under pedogenic or early diagenetic conditions [34]. They are secondary mechanical enrichment [24].

In the process of ilmenite alteration and the formation of the various lpsr phases, it was detected that as both of the
content of TiO:z (within a definite TiO2 range between 80-85%), and the associated str water increase, as the associated
contents of Al20s&SiO: increase. In fact, most of the detected lpsr spots having an appreciable contents of mol water,
contain relatively higher contents of SiO2 and Al2Os. This may indicates the ability of these two oxides for bearing mol
water or OH- anions. Then, both of SiO2 and Al2Os may be associated with the contained mol water in the altered grains
[31].

Therefore, as the contents of str and/or mol water contained within the lpsr phases decrease; where the original
total oxides sum (OT) is more than 98% and the contained TiO: is more than 85%, as the contents of SiO2 and Al2Os are
highly depleted.

However, it was explained that the quantity of silica in most naturally occurring waters at near 25 °C probably is
not controlled by the solubility of quartz. The decomposition of other silicates such as feldspars and the precipitation
of various clays may be more important in regulating the quantities of silica found in natural waters [36].

3.4.1. The nature of S5iOz2 and Al2Os contents within psr and Ipsr analyzed spots

The majority of the analyzed psr&lpsr spots of the altered ilmenite grains contain TiO2 percent ranges between 58
and 80%, have appreciable contents of Al20s and/or SiO2%. Most of their contents ranges between 2 and 3%. Only 28
spots out of 586 spot analyses have SiO2 and Al2Os contents relatively greater than 3%. In some few spots, the contents
of CaO rarely reach considerable values (10.13%). However, in the majority of the analyzed spots both of CaO, Na2O
and KzO are present but in negligible contents. In the forementioned 28 spots, the 5iO: ranges between 0.75 and 13.38%,
and the Al2Os ranges between 0.31 and 9.13%. The calculated Si cations range between 0.04 and 0.77 while the calculated
Al cations range between 0.02 and 0.59. In many of these spots, a clear negative correlation is present between Fe203
content and both of SiO2 + Al2Os contents. In fact, in many of these individual spots, if the contents of the included
S5i02% + Al:O3% are added to the present content of Fe203%, the sum of these three oxide contents gives the percentage
which must be present totally of Fez0s taking into consideration the contained TiO:2% in the analyzed spot, and consid-
ering also that this detected individual analyzed spot is psr.

The investigation of psr and lpsr spot analyses reflects that the majority of spots contain a definite amount of str
and may be also mol water contents. The deficiency than 100% for the sum of total analyzed oxides (OT) of each detected
spot is considered corresponding to one or both of the two types of water. However, after applying the adopted psr
Excel program, the deficiency than 100% for the sum of total analyzed oxides (NT) in this case will be corresponding
only to the contained individual mol water.

It was detected that on applying the constructed Excel psr program for all the investigated psr/lpsr analyzed spots,
the sum of the analyzed total oxides (NT); includes the calculated str water, ranges between 94.1 and 107.7%. Only 376
spot of psr/lpsr analyses have sum total oxides values less than 101%. The str and mol water ranges between 0.22 and
16.3%. The cationic iron ranges between 0.42 and 1.99. The recorded minimum total oxides sum after applying the
constructed Excel psr program equals 94.1% which ensures the presence of appreciable molecular water content in some
of these analyzed spots.

For all the investigated psré&lpsrs spots (586 analyses), if it was considered that the analyzed five oxides SiO2, Al2Os,
CaO, Na2O and K20 are impurities as reported by almost all the previous published studies, then the forementioned
five oxides must be neglected and recalculating the percentages of the other remaining analyzed oxides, by multiplying
each analyzed value in the following correction factor: [100/100-(SiO2+AL20s+CaO+Na20+ K20)]. On doing this, it was
noticed that the mol and/or str water ranges between 0.35 and 17%. On applying the constructed Excel psr program, the
sum of the analyzed total oxides (NT); which includes the calculated str water, ranges between 93.3 and 114.5%. Only
302 spot psr analyses have sum total oxides values less than 101%. The TiO:2 contents after such correction for the ma-
jority of the analyzed spots ranges between 58 and 83.7%. Only 7 spot analyses have corrected TiO: contents range
between 84 and 93.6%. The cationic iron ranges between 0.12 and 1.97.

As a final result, the careful investigation of the analyzed psr-lpsr spots reflects the following assumptions about
the presence of such detected impurity oxides as follows:
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1- Both of 5iO2 and Al2Os; the most two major impurity oxides of the analyzed five impurity oxides, can be present
as individual oxides inside the fissures and cracks of the altered ilmenite grains. Then, by neglecting them and recalcu-
lation the percentages of the remaining oxides of each spot, the spots should give an accepted results on applying the
constructed Excel psr program. The case which is not achieved with the majority of the analyzed spots in this study.

2- One or more of these impurity oxides are associated with some or all of the analyzed Fe:0s in addition to others
which may be remnants of alteration of a preexisting definite silicate mineral containing minor of TiO2 content. At
definite geological conditions, considerable amounts of SiOz, Al203, CaO and Fe20s present in the silicate mineral com-
position are removed and an enrichment of the contained TiO: content is occurred. There are several spots of several
grains have such circumstances.

3- In other cases, 5iO2 and/or Al2Os are replacing for an individual phase of Fe20s. In such cases, both Fe20s and
TiO:z are two individual phases after ilmenite or following the breakdown of psr or lpsr in final alteration stages of
ilmenite. Geothites and hematites can incorporate quite large amounts of Al in their structures [37].

4- The fourth assumption is that, in several other cases both of SiO:2 and Al:Os are not present as impurities, they
play an important role in the late stages of ilmenite alteration. They act as doners or acceptors of H:.O/OH- in the alter-
ation mechanisms of lpsr. In fact, the AI-OH bond is greater than the Fe-OH bond [38]. However, the enrichments of
these oxides are noticed in the alteration mechanisms in which either the oxygen is replaced with OH- or during the
enrichment of the individual TiO:2 phase during the losing for most of str and/or mol water from the altered Ipsr formula
structure. Several authors studied the conversion of Fe(OH)s gel to 3-FeOOH and a-Fe20s in the presence and absence
of silicate ions [39,40]. At 60 °c the effect of silicate ions resemples that of phosphate; completely suppresses these two
conversions, while is in contrast to the influence of sulphate ions which accelerate the conversion of the Fe(OH)s gel to
-FeOOH and delay the conversion from 3-FeOOH to a-Fe20s [40]. Then, SiO2 and/or Al:Os may play a definite roles
in some conversions of Fe- or Ti- oxyhydroxides of some suggested alteration Scenarios by the present author (under
publication).

In some spot analyses of altered ilmenite grains have TiO2 ranges between 80 and 90%, 19 spot analyses are detected
to contain relatively higher contents of SiOz, A12Os and CaO. The SiO2 ranges between 1.78 and 11.84%, the Al20s ranges
between 0.09 and 5.71% while CaO ranges between 0.1 and 6.76%. All of these spot analyses have accepted sum total
oxides; very close to 100%, before and after neglecting these three oxides and recorrect the percentages of the remaining
analyzed oxides. It is obvious that these three oxides are impurities and neither contain mol nor str water inside their
structures. In these cases, there is not a psr formula structure and most of the contained TiO2 and Fe20s are individual
phases or both of them are present as one phase other than psr; most probably forriferous rutile. Really, on applying
the constructed psr Excel program for these spot analyses; which have not psr structure, before and after neglecting the
impurity oxides, the obtained results are not accepted. The sum of the total analyzed oxides in addition to the calculated
structural water ranges between 105.06 and 112.35% before neglecting the oxides and ranges between 108.53 and 117.3%
after neglecting them and recalculated the values of other remaining oxides. Then, such results are obtained when there
is no a psr formula structure or at least not all the most major oxide in the analyzed spot (i.e. TiO2), is present within
only the psr formula structure, but there are also other individual phases containing for some of this major oxide (TiO2).

According to the last explanation, the relatively enriched contents of SiO2 and/or Al2Os in some secondary rutile
grains can be explained as most of the SiO2% is associated with mol water or bearing for mol and/or str water necessary
for the leachability of Fe3* from the psr structure. It will be settled and remains inside the interspaces and pores of the
remaining lpsr phase structure. During the growth of the final micro-, crypto-, or the triple twinned arrangement of
secondary rutile polymorph starting from the core to the outside of the highly altered grain, the SiO2 molecules may be
either leached out from the interspaces or concentrated toward the outside on the periphery of the produced final alter-
ation products.

4. Conclusions

The relatively weakly magnetic altered ilmenite grains separated individually at 0.5 and 1 ampere values, have an
enrichment of the contained altered silicate minerals, silica, sphene, and individual phases of Ti and Fe. Also, a relatively
higher contents of str water are present in the chemical formulas of the contained Ipsr phases, in addition also to con-
siderable volumes of voids and cracks. All of these components are the reason of the relatively lower magnetic charac-
ters of the investigated altered ilmenite grains.
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Most of the recorded Ipsr phases are considered extended composition range of the relatively higher stable psr
phase Fe2TisOs, where definite contents of Fe** are removed followed by replacing definite number of O by similar
number of OH- to keep the psr anionic structure and achieve also its electrical neutralization.

It was detected that the investigated spots having the lowest iron contents (0.49-0.42) are composed mainly of
individual TiO:z and Fe20s phases due to collapse for most of contained psr/lpsr phases. Then, The cationic Fe contents
ranges between 0.42 and 0.49 are discarded as minimum values for the existence of psr-lpsr phases. Then, the collapse
of psr structure seems to be at cationic iron content just below 0.5. Some of the remaining survived lpsr phase may be
exceptionally recorded at a cationic iron range of 0.50-0.40. However, the complete collapse for most of Ipsr component
phases into individual TiO2 and Fe20Os mineral phases, may be at the cationic iron ragion of 0.5-0.4.

The contents of TiO2 and Fe20s of all the investigated altered spots in the present study range between 59.16-86.56%,
and 37.3-6.68%, respectively. The Ti/(Tit+Fe) ratio for these spots chemical composition range between 0.60 and 0.88. The
well defined accepted psr-lpsr chemical formulas of all the investigated grains in the study are as follows: Fexo-
050 T1308.97-45(OH)0.03-45.

The comparison between the total oxides sum before (OT) and after (NT) applying the constructed psr Excel soft-
ware for the various chemical analyses of the detected spots reflects that the calculated structural water contents for
some of analyzed spots are not accepted, and there are individual phases of TiOz; may be also of Fe20Os, other than
pst/lpsr. Then, in the region of 68-70 TiO2%, the mechanism of ilmenite alteration may is changed where neither all the
analyzed TiO: of the spot nor all the calculated structural water are contained within the molecular formula of Ipsr.
There are other phases containing for some TiO:2 or Ti-oxyhydroxide which most probably are separated from the Ipsr
phase.

In case of grains composed originally of ferriilmenite-titanhematite exsolved intergrowth, most of the hematite
content is leached causing partially empty voids of various sizes and shapes while the ferriilmenite component is altered
to Ipsr.

Also, as the analyzed TiO: and str and/or mol water contents increase, as the darkness of the BSE image for the
region of the the analyzed spots increases. This may reflect the existence of an individual TiO2 phase; most probably
rutile, mixed in homogeneity with the existed Ipsr component. Also, as the content of TiO2 content increases (within a
definite TiO2 range of 80-85%); due to a relatively faster alteration rate, as the associated contents of Al203& SiO: in-
crease. Also, as the contents of the str and/or mol water contained within the lpsr phases decreases (OT is more than
98%), as the contents of Al2Os are highly depleted. Then, with the occurrence of the well-defined rutile structure; TiO2
ranges between 85 and 100%, the contents of of Al2Osare highly decreased indicating that the Al2Os are not compatable
with rutile structure.

After roasting at 1100 °C for one hour, it is obvious that the hexagonal psr structure is unstable in comparison with
the tetragonal rutile, a considerable TiO2 content escaped from the broken psr structure and diffused inside the rutile
structure. Both of the remaining TiO2 and most of the FexOs contents of the collapsed psr are modified into the ortho-
rhombic pseudobrookite structure which seems to be more stable under new conditions. It is detected also that minor
contents of amorphous hydrated silica was contained with the psr of brown coloured grains. After roasting the water
molecules were lost and the minor free SiO2 molecules are recrystallized into quartz.

More than one polymorph of TiO; rutile and anatase, can be formed after alteration of psr and Ipsr due to the
difference of the alteration rates and may be also due to some of the associated impurity elements.

Supplementary Materials: The following supporting information can be downloaded at the website of this paper
posted on Preprints.org. Excel Software S1: The constructed Excel program for calculation of molecular formula of il-
menite (only for given one spot chemical analysis); Excel Software S2: The constructed Excel program for calculation of
molecular formula of ilmenite (for given several spot chemical analyses); Excel Software S3: The constructed Excel pro-
gram for calculation of molecular formula of leached ilmenite (only for given one spot chemical analysis); Excel Software
S4: The constructed Excel program for calculation of molecular formula of leached ilmenite (for given several spot
chemical analyses); Excel Software S5: The constructed Excel program for calculation of molecular formula of pseu-
dorutile/leached pseudorutile (only for given one spot chemical analysis); Excel Software S6: The constructed Excel
program for calculation of molecular formula of pseudorutile/leached pseudorutile (for given several spot chemical
analyses).
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