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Summary
Deailed penographic studics and mictochemical analyses of tianomagnetic from
ignconus and metamorphic ocks and ore deposts form the bai of this imesigation s
s is 1o compare the data obtined and their ntrprtations with the experimentally
deduced subsolidus axiduson-exsoltion mode of Buddingion and Linisey (1964).
“The results are also consideed reevant for the interprettion of compositionsl varis
tions in black sands which are recosered for itanium producton. The arrngement of
e Sampls investigaed i n sccordance ih textura stages C1 o CS caused by
subsolidus exsoltion wilhinceasin degree of oxidtion (Haggern, 199).
Stage 1 is represened by 1w types of opicall homogeneaus TiO, ich magnetc:
2 Anisotropie type consdere o represeat sl solutions of magneie and i conin
ing between 52 10 275w THO, comesponding 10 sbout 147 1 7.7 moh Fe,Ti0, in
solid souion with magnede. The geneal formula of this type i Fet Fet 15,0,
(5=0.0-10). b. The sccond type which s not been reported s fr s nvsotropc and
shows complex. iniemal twinning resembling inversion texurs. It s hus aibutd 10
inversion of & high-emperatre et mocfcation (it Satstical disrbution of the
catons) which foms Sold soluions with magnette. TiO; varies between 9.3 and
24,55 comesponding o about 17.2 to 436mol% iimenite in sold soltion with
magnetie, Thi type i intepreted a2 cation.deficent spisel with the genera formuls
Pl o Dt 1O, (x=0.0-16/12). Hotropic and amsomopic homo-
genéout agneies oscur n voleanic rocks only: the homageety ofthe sold solutions
was expained by fas cooling whichpreventd the development of exsolution (e,
Stages 2 and 3 are repreenied by magnetie with or without uivite. The magaeite
host contains imenie famelle forming trclis and sadich textues I contas o the
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requirement of the oxidation-exsolution model, the iimenite lamellac are concentrated
xclusively n the cores ofthe host crystal. The reverse hostgoest rlationship may s
oceur. Stages 4 and § are identical with thermally generated marie (= martite due to
heating). The (extures are chagacterized by very broad lamellae of ferian ilmenite or
titanohematite dominantly concentrated along the margins of he bost erystals, Thermally
‘enecated manie i resrcted to subsolidus-oxidarion reactions.

“The ilmenite lmellae of il and sandwich textures contain Jow FexOs-concentra-
tions (average 4.8 mol%: o & maximum of §.3), whereas the FexOx-content of thermally
enerated martite is between 32 0 71 mol“e. With respect o the Fe-Ox-concentrations in
the iimenite lamellae. no transition between the wo types ws observed.

The reslts of this peper show that the widely accepted oxy-exsolution model
of Buddingion and Lindsiey (1964) which is bused on experimental rosults can — with
the cxception of thermally generated martie — not explain the tremendous variety of

Imenite-ulvite reltionships in natura rocks and ore depoxits.

Introduction

Ever since Randohr (1940) first pointed out the loss of information incurred due to
neglect of opague constituents in rocks. Fe-Ti oxides have attracted the attention
of ore microscopists, petrologists and geochemists. Fe—Ti oxides have been uscd to
determine oxygen fugacities, 1o distinguish different genetic types of granites.
o characterise mafic rocks and o act as stratigraphic markers in fossil-free oil-
bearing clastic sediments. The manifold intergrowths textures between different
members of the FeO~Fe.0;-Ti0j system have not only heen employed as finger-
prints of certain rock types, but they have also stimulated the erection of various
genetic models. The oxy-exsolution model of Buddingion and Lindsley (1964) is
one of them. This model has been widely used and numerous atiempts have also

Pt 1. A imenit amello nthe center ofthe host magnette n pyhotite matix. Siicate
inclusions are black. Reiccted light, ol immersion, scal bar 100y Sudbry, Ontar-
o/Canada. B Ttanomagnelite-xenolilh showing corroded gran boundaries i contact with
silcates (black). The left side of the crysial consists of sotropic magnetite coniaining
ilmenite lamellse whercas th right side represents homogerised and anisoropic (showing
extremely low birelection) magnetite without imenit lamelze. The rounded greins (dark
arey) within magnetie are sphalerite, the xenomrphic inchsions (black) are sifcates.
Reflectd light,oi immerson, sale bar 100, Jos Plateaw/Nigeria. C Tianomagette
a5 in B but rossed polars. Note the strong anisotropism of the lamellac-free part of the
crystal showing inversion:like textures. Reflecied ligh, ol immersion. scale bar 100, Jos
Platean/Nigeri. D Anisoirpic ttanomagaciitc showing twinning due (0 inserion. Re-
ected igh, o immersion, crosed polar. scale bar 100 m. i Laco/Chile. E Magnctte
contaiing clongated iimenite (arows) and spiel lamellse (black) parsllel to (111 snd
1100)-pianesof the magnedite st Note the matkd appearance of magretis due 10 very
fine-grained ulyite exsolution bodics which are homogencously distributed within the host
magnett. Reflccted light, ol immersion,scae bar 100ym, Taberg/Sweden. F Sandwich-
{extured imenite amellae parlll 1o (111)-planes of magnetite Note the lower refictance
in he contac 7one et cen magnetite and menie (artows). Refleced igh, ol immersion,
seale bar 100 . Merensky Reef (sample 1), Bushveld Complex /South Africa
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been made 1o re . 1977; Spencer and Lindsley,
19815 Andersen and Lindsley, 1988; Ghiorso and Sack, 1991).

Intergrowths of titaniferous spinels (tianomagnetite, magnetite, and ulvite)
with ilmenite and hematite are widespread in igneous and metamorphic rocks
and ore deposits. Depending on the temperature, cooling rate, oxygen fugacity.
fuid composition and content, and pressure, these minerals occur separately from
one another or form homogencous solid solutions or intergrowihs.

eral extural types were recognized by Buddington and Lindsiey (1964) and
summarised by Haggerty (1991): Trells intergrowths involve thin ilmenite famel-
lae in all directions of (111) planes of the host magnetite; sandwich intergrowths
are thick ilmenite lamellae generally restricted 10 one direction of the {111} planes
of magnetite; and composite types consist of ilmenite granules in magnetite which
are generally not oriented





[image: image4.jpg]218 A Micke

Experimentl studies show only negligible solubility of ilmenite in magnetic
(Lindsley, 1962, 1963). Magnetite,ilmenite, itergrowths are thus intrpreted as
products o subsolidus oxidation-exsoluion of preexisting magnette-ultite solid
Solutions above 600°C (Buddingion and Lindsley, 1964 With incressing oxidation
of primary magneite-ulvite solid solutions, distinct textural stages were recog-
nized (Haggerty, 1991 Stage 1 (no oxidation) is represented by opticaly homoge-
neous ulvite-rich magnetit solid soutions. Sage 2 comprises magnette-<nriched
solid solutions with a small number of exsolved lmenie lamelae. Stage 3 is
charscteized by Ti-poor magneite with densely spaced ilmenite lamellse. With
advanced oxidation, sages 4 0 7 develop: Stage 4 is characteized by the occur-
tence of ferian menite and the exsolution of spinel i the ttanomagnetie hos.
The oher stages contain itanohematie (5). pseudoruile (6. and pseudorutle +
hemaite (7).

Experimental evidence shows that oxidation affects the (magnetite-ulyite)
precursor crystals from the rim towrds the core. Hagserty (1991, thus described
the elistype ay follows: “limenite lamellae are typically concentraied along
cracks, around silicate inclusions, and, most significantly of al, song tianomag-
nette grain boundarics’

“The model of Buddingion and Lindsiey (1964) contradicted the long-accepted
hypothesis_that iimenite enters into solid solution with magnetite at clevated
temperature and exsolves upon cooling (e.g. Ramdohr, 1955, 1969, 1975, 1980:
Edwards, 1947). Considering the experimental resuls and conclusions of
Buddington and Lindsiey (1964), Randohr (1975 on p. 979) stated: “The model
of the oxidation exsolution ofilmenite from (Usp-M, is indeed in agreement with
the experiment, but not with nature”. A similar conclusion was reached by
Krasnova and Krezer (1995). They investigated magnetite-iimenite inergrowths
and found that similar extures may have different orgins and different chemical
compositons and they stated: “Without their exact characterisation it seems
impossible o use the Buddington-—Lindsley Mi-Usp geothermometer’

In contradiction to the oxidation-exsolution model.the imenite lamellae stud-
ded were mainly concentrated in the cores and o 4long the rim of the magnetite
osts (Plate 1A). This observation provided the initial simalus fo this paper: it
was intended (0 focus on the petrography of various intergrowths and their chem-
cal compositions observed in natural rocks. This is followed by & comparison of
these data and their interpretations with the experimentally deduced model of
Buddingion and Lindsley (1964). The presentation of this paper foflows the stages
110'S (summarized by Haggers, 1991) characterising (magnetite-ulvit),, with
increasing oxidation.

‘Sample locations

“The Fe-Ti oxide mineral samples investigated have been obiained from fgncous/
‘metamorphic rocks and from oxide ore mineralisations, deposits.

Igneous metamorphic rocks

- Basaltic lava flows of the Ahlmannryggen (Vendekotien and Sndkllen:
Plogen, Boreas and Utkikken), Shackleton Range and Heimefrontfiella in
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Neuschwabenland, Antarctica. These rocks are characterised by the occurrence
of skeletal Fe-Ti-oxide minerals which may be associated with pyrhotite and
other sulphide minerals (Jiger, 1990

~ Shonkinite (subvolcanic potassiumrich rock) of the Katzenbuckel, Odenwald,
Germany. Apart from thermally generited martite and some pseudobrookite,
unaltered Fe-Ti-oxides and sulphides are present (Frenzel, 1954);

~ Fayalite-granite porphyries of the Jurrasic granitc ring-complexes of the Jos
Plateau, Nigeria. Apart from sulphides, magnetite and ilmenite are present
(Badejoko and Micke, 1998,

~ Lherzolite of Tungan Kudaku, Anka Greenstone Belt, Norther Nigeria was
emplaced into phyllite and metavolcanics. It contains mainly zoned chromite
and minerals of the fimenite series often containing magnetite lamellac (Miicke
and Woakes, 1956);

Ore deposits

- EI Laco, Chile, is a voleanic Kiruna-type deposit. The occurrence of rapid-
srowth textures (e.g. platy to dendritic magnetite) suggests emplacement of
the ore magmas at or near the surface (Nysirom and Henriques, 1994);
‘Otanmiki, Finland, an important vanadium deposi in a igh-grade metamorphic
greenstone belt (Archeaen or Palaeoproterozoic age). The ores consist of mag-
netit (with imenite lamellae), ilmenite (with magnetitc lamellac) and sulphides
(Poh, 199

~ Taberg in Smiland, Sweden. is a liquid-magmatic sulphide-bearing titanomag-
netite deposit occurting in mafic rocks. The ore minerals comprise magneite,
ttanomagneite, ilmenite, ulvite and Al-spinel which usually exhibit intimate
intergrowth textures (Loberg and Homdai, 1983):

~ The Merensky Reef in the Bushveld Complex, South Africa,the world's largest
Iayered malic intrusion (2.05 Ga) contains chromitc, magnetite, rutile, pyrrho-
tite, pentlandite, chalcopyrite and a large number of platinum group minerals
(PGM). Platinum mineralisation has been attributed to upwards moving inter-
cumulus fivids (Ballhaus and Stumpf, 1986).

Jogjakarta, Java (Indonesia), is a beach placer deposit derived from weathering
of volcani¢ rocks in the hinterland (Jacob et al., 1979).

Homogeneous titanomagnetite
Two types of homogeneous tilanomagnetites representing siage | were observed:

1. Titanium-rich magnetites are widely distributed in volcanic and subvolcanic
rocks of Vendekotten, Sndkallen (Ahlmannryggen) and Katzenbuckel. Isotropic
titanomagnetite of reddish-brown colour in reflected light (oil immersion). has
TiO,-concentrations from 27.5 to 5.2 wi% (Table 1. columns I and II).

2. The second type has not been reported previously. It s anisotropic and occurs in
voleanic rocks at Plogen. Boreas and Utkikken (Ahlmannryggen), the Shaklcton
Range and Heimefronfiela as well as in the fayalite-granite porphyries of
the Nigerian Jos Plateau and in the subvolcanic El Laco deposit. The TiOy-
concentration of anisotropic magnetite ranges from 24.5 wi% (Table I, column
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V) 10 93wt [other consituents are (in wi%): 84.1 FeO, 0.3 MnO and 0.4
ALO. In reflected light (oil immersion), ths magnetite shows weak bireflec-
tion (Plate. 1B) and. under crossed polars, sirongly anisotropic eflects (Plate
1C). Xray investigations using Mo-Ko, radiation showed that the d-values
of the optically anisolropic titanium-rich magnetite (containing 19.25wi%
TiOy: Table 1. column V) of El Laco (Plate 1) can be related to cul
metry and (0 a lattie constant of a

reflexes indicating & symmetry lower than cubic was observed, These results
underline the well-known fact that opical methods are, in certain cases. more
sensitive than X-ray methods.

Oriented intergrowth of magnetite and fimenite

Magnetite (hosr)ilmenite (guest)

In al the samples of stages 2 and 3 investigated the iimenite lamellae of the trellis
and sandwich types are concentrated in the cores of the magnetite crystals (Plate
1A). Three examples are given of other characteristics of ilmenite-bearing titano-
magneiite

1. The association of iimenite and ulvite inclusions in the same magnefite grain is
a rare phenomenon. In Taberg the cube-shaped and very fine-grained ulvite
exsolution bodies (compositions sec under Table 2. column 1) are associated
with ilmenite (confaining 13.7 mol% geikiclite and 4.25 mol% hematite; Table 2,
column 111). In the contact zone of the ilmenite lamellae, the density of ulvite
inclusions in the host magnetite (containing 43.1 moi% ulvite: Table 2, column 1)
does ot vary with distance from the contact (Plae 1

2. Sandwich textured ilmenite (lamelliae are up to 15 jm thick; Plate 1F; Merensky
Reef sample 1) oceurs along all diections of {111]-planes of zoned magnetite:
A Along the rim. the host is a solid solution of 32.7mol% magnetite,
284 mol% ulvite, 25.85 mol% (Fe + Ma)-chromite, and 11.35 mol‘ hercynite.
B. Chromite (36.15 mol%) and hercynite (16.5 mol%) are enriched in magne-
tite between two neighbouring ilmenite amellae. C. The small contact zone
between magnetite and iimenite showing the lowest reflectance has the highest
chromite-content (50,05 mol‘%) and low magnetite (13.6mol‘k) and ulvite
(15.6molf%) concentrations. Timenite is 2 geikiclite-bearing (8.5 mol%) solid
solution which contains also pyrophanite (1.4 mol‘%). corundum (115 mol%),
and hematite (4,15 mol%; analytical data are summarized in Fig. 4),

3. The magnetite host (Merensky Reef, sample 2) carries two_generations of
orented ilmenite lamellae (Plate 2A). The firs ilmenite generation is developed
as sandwich-type containing 8.2 mol% geikielte and 3.0 mol% Fex0 (Table 1,
column IX), whereas the second comesponds 10 the trells-type (width 2 um)
with & compasition similar o the first containing 425 mol% Fe;O; (compare
columns IX and X, Table 1), Magnetite s zoned. Along the rim, magnetite
contains 268mole ulvite, 10.75mol% hercynite and 13.35mol% Cr-
‘endmembers (Table 1. column VD), whereas between two sandwich-ilmenite
tamellae the magnetie solid solution has higher conteats of end-members of
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ulvite (31.3mol%). hercynite (1345mol%) and of chromite (2.0 mol%)
(Table 1, column 11X).

limenite (host)/magnerie (gues)

In these intergrowths, the magnetite lamellae are oriented parallel t0 (0001 planes
of the host ilmenite. Two examples are presented.

1. In Otanmiki, magnetite containing 3.0 mol% ulvite and 0.7 mol% hercynit, is
the main ore minera, It carries rells-ilmenite lamellac which are concentrated
in the cores of the host crystals only. Timenite grains (some of which exceed
400um in size; containing 34moi% geikielite, 1.8mol% pyrophanite, and
5.1 mol% hematite; Tuble 1, column XIIT) with two generations of subparallel
oriented magnetite lamellae (Plate 2B) are less widespread and exclusively
restricted 1o the cores. The first magnetite generation (containing 39.9 mol%
ulvite; Table 1, column XIV) is represented by elongated crystals (length about
130 jum), whereas the second is extremely fine-grained (few jim) and does not
occur in contact o the first. generation (Plate 2B).

2. In the Therzolite of Tungan Kudaku two types of the ilmenite series are inter-
grown with magnetite lamellae. In the first type, the rim of the host consists of
64.1 mol% geikielite, 26.5 mol‘% ilmenite, 7.6 mol% pyrophanite, and 1.8 mol%
hematite (Table 1, column X1) whereas the core, of similar composition, is
enriched in hematite (5.4 mol; Table 1, column XII). The magnetite lamellae
containing 30.3mol% ulvite and 32.9 mol% magnesioferrie do not occur along
the margin of the zoned host crystal (Plate 2). In the second type, the core of
the host consists of 71.5 mol% ilmenite, 11.6 mol% geikielite, 8.4mol% pyro-
‘phanite, and 8.3 mol% hematite. The rim differs from the core by lower Fe;0;
contents only (6.15 mol%). The intergrown magnetite lamellae containing
18.6mol% uivite are restricted to the core.

Thermally generated martite

Magneite-ilmenite intergrowths from the beach placer deposit of Jogjakarta cor-
respond to , Erhitzungsmartite™ of Ramdohr (1975) (known as: martite due to
heating and here re-named as: thermally generated tianiferous martie or, abbre-
viated, thermally generated martite). This martie represents stages 4 and 5. Com-
pared 10 the trells and sandwich intergrowths, the ilmenite lamellae are broad (up.
10 50ym) and are concentrated along the rim (Plate 2D). The ilmenite lamellac
which may contain relcs of magnetite (Plate 2D) are either paralll to (111} (Plate
2D) or, rarely, parallel to {100] planes of the host magnetite (Plate 2E). Within
single magnetite grains, the ilmenite lamellae are homogeneous. However, their
reflectance varies in the 22-28% range. This is due 1o the Fe,Os-contents of the
ilmenite solid solutions (Table 2, b-columns 1V to VI varying from 32.2 mol%
(lowest reflectance; Plate 2E) to 71.2mol% (highest reflectance; Plate 2D). The
respective compositions of the host crystals show a decrease of the magnetite
and ulvite contents from 79.6 10 57.5 and 9.3 t0 2.7 molf%, respectively (Table 2,
avcolumn IV to VII). Grains with the reverse arangement of the phases differ
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distinctly from thermally generated matite: The rims consist of homogeneous
ttanomagnetite (Plate 2F) that contains 17 moi% ulvite (Table 2, column [1Xc).

In the core, titanohematite lamella with 75,6 mol% FexOs (Table 2, column 11Xb)
occur enveloping hercynite/spinel-bearing magnetite (Table 2, columa IIXa).

Discussion

Homogeneous fitanomagnetite

Isotropic type. This represets solid solutions of magnetite and ulvite and approx
imates the formula Fe | e}, Ti,0, with = 0.0-1.0. The TiO; concentrations of
the samples investigated vary between 5.2 and 27.5 weight% (
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— o,

—= a0 M0 MGO+Fe,0, 4 ALO,

Fig. 1. Ti02/FeO - MnO + MO + FezO + ALOs diagram (w5%) showing the analytical
plots of isotropic and anisotropic optically homogencous titanomagnetite and ttanomag-
netite containing trellis- and sandwich fextured fimenite

‘compasitions occupy a wide range in the system magnetite-ulvte (Fig. 2). The
isottopic type s a charscterstc consituent o basic volcanic rocks. Following the
proposed clasifcation o ttanomagnetite (Haggery, 1991), the homogeneous and
ilmenite-free magneite solid solutions belong to stage | (no oxidation). The sam-
ples investigated are exclusively voleanic rocks: the homogeneity of ttanomagne-
fte i inferred o be the result of fat cooling and not de o lack of oxidation. Fust
cooling precludes the development of exsolution textures from magnette-ulvite
solid solutions.

Plate 2. A Sandwich (coarse-grained) and tellis (fne-grained) ilmenites in magnetite, Note
the inhomogencous disribution of fine-gruined lmenite not oceurting close t the bigger
tamellae. Reflected light, oil immersion, scale bar 100jum, Merensky Reef (sample 2).
Bushueld Complex /South Aftica. B Two generations of magnetie lamellae paraliel to
{0001 )-planes of the ilmenitc host. Note the inhomogencous distibution of fie-grained
‘magnetit not occurring close o the bigger magneite lamelac. Refiected light,oil immer-
sion. scale bar 100 um. Otanmiki/Finland. C Magnetite exsolutions (parallel 10 (0001]-
planes of the rhombohedral host) concentrated in the cores of domains of an irrgularely
shaped geikielte-ilmene gran. Reflocied light,oil immersion, scale bar 100ym. Typ I,
‘Tugan Kudaku/Northem Nigeria. D Thermally gencrated matite consisting of broad
titanohematite lmellac pasalll o { 111)-planes of magnetite. Note the dominating arrange-
‘meat of titanohemaite wlong the grain margin and relcs of tanomagnetit in the newly-
formed itsnchematite (arrows), Reflccted light.oil immersion. scale bar 100 um. Jogiakarta,
Java/Indonesia. E Low refecting ferrian flmenite parlle to [100)-planes of the magnetite
‘host. Note the differing reflectance (depending on orientation) of the two lamellae systems,
Reflected light, il immersion. sale bar 100m. Jogjskarts, Java/ Indonesia. F Tianomag.
netite Formed by reduction of thermally generated marite a peiphery of gain.Tnthe center,
spinelbearing magnetie is prescrved together with relics of (tanohematite lamellac
(ammow 1), The ltter are parly pscudomorphously altered to titanomagnctite (arrow 2).
Reffected light,oil immersion, sl bar 100 . Jogjskart, Java/Indonesia
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Fig. 2. Compositional range of isotropic and anisotropic homogenéous itanomagnetites of
‘Table | presented within the FeO-Fe,04-TiO, diagram (wi%). Note that FeO contains.
als0 MO+ MgO, and ALLO, and Cr.0 were added to Fe.0;

Anisotropic type. This type is weakly bireflecting (Plate 1B) and shows strong
anisotropy under crossed polars (Plate 1C/D) and textures which are akin o inver-
sion (= paramorphic inversion of a dimorphous component: the primary high-
temperature modification decomposes to a twinned low-temperature modification
due to cooling). Therefore anisotropic magnetite should be interpreted in the sensc
Of Vincent et al. (1957) who suggested that ilmenite is dimorphous and forms 1
cubic high-temperature modification in which the cations are statistcally disrib-
uted. This modification forms solid solutions with magnetite a high temperatures.
These have 5o far not been investigated quantitatively. Exsolution oceurs with
decreasing temperature during which the cubic high-temperature: modification
inverts o the rhomboedral ilmenit structure with ordered cation distribution. Fast
cooling of the high temperature solid solution prevents exsolution of ilmenite.
Inversion, nevertheless, takes place and homogencous cubie high-temperature
titanomagnetite responds by complex intermal twinning which leads to optical
anisotropy.

“This inversion process isillusrated by titaniferous magnefite grains in fayalite—
granite porphyries of the Jos Plateau, Nigeria. The magnetite grains are considered o
be xenoliths that have been incorporated into the ascending granitic melt (Badejoko
and Milcke, 1998) which caused, at least partially. the homogenisation of the pre-
existing magnetite~ilmenite intergrowths. Homogenised titanomagnetite contains
high TiO, concentrations (18.7wi%: Table 1. column IV) and is anisofropi
whereas ilmenite-bearing magnetite with lower TiO, concentrations (14.8 Wif:
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Table 1, column 11 is isotropic. Incomplete homogenisation explains the presence
of both types in single grains (Plate 18/C).

Assuming that the TiO; content of anisotropic (itiomagneiit is also due (0
(Fe;0,~FesTiO),,. the lattice constant of the El Laco sample_investigated
(19.25 Wt% TiOy: Table 1, column VI) should have a value of 8.45 A (see Appel,
1983). However, it value is 8.3995 A, close to pure magnetite (8396 A). The low
a-value of 8.3995 A instead of the expected 8.45 A may be explained by the fact
that the anisotropic titanomagnetite is a solid solution of Fe;0, and FeTiOx
(instead of Fe;TiO,) and thus of necessity a cation-deficient spinel solid solution
where the cation vacancies compensate the expected enlargement of the a-value
‘caused by the introduction of T into the latiice of magnetie.

Lattard (1995) observed ilmenite in intergrowths with magnetite which were
ot formed by a redox process, but were caused by vacancy relaxation. This exso-
ution mechanism necessarily implies that the precursor of the magnetite-ilmenite.
intergrowths was a cation-deficient spinel similar (0 that discussed above.

Cation defcient Tibearing. magnetite corresponds o the following general
formula; Fei oy oFeld s ya,Clo-1/aTieOs with x=00-16/12. The theoret-
ical background of the formula is shown in Fig. 3 in which the TiOx-content (in
Wi is presented in relation 10 the factor . Additionally, Fig. 3 also shows the
vacancies and the FeO/FexOxratios which both increase with increasing TiOy-
content. Four analyses of this study are also included in Fig. 3 showing that the
calculated FeO/Fe;Or-ratios and the vacancies fit properly into the theoretically
deduced diagram.
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f o e
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e i 1/|:nnl)
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000(0.4:
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imeats
1o,

oo sy osi e ThOu (x=00~16/12) presented
within the TiO; (wi%)/x dlsgram incliding the amoun of theoretical vacancies and the
FeOFe;Oxratios (in brackets). Four additional analytical plos (circles) are included
containing the calculted vacancies and the FeO/Fe:Oyatios
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Anisotropic cation-deficient magnetite contains TIO-concentrations between
93 and 245 W% (Fig. 1). The analytical data are included in the FeO~Fe:0; -
“THO, diagram where they occupy the Fe;04-FeTIOs join (Fig. 2.

Magnetite containing itmenite inclusions (1vellis and Sandwich textures)

‘The oxy-exsolution model requires that ilmenite lamellae should oceur on the rim
of magnetite grains (Haggersy, 1991). No evidence of such paterns has been
obtained in this study. Quite to the contrary, ilmenite lmellae are invariably con-
centrated in the cores of the magnetite host erystals. Other characteristic features

1. Timenite may occur in two generations (Merensky Reef. sample 2). The first
‘generation exhibits large sandwich-type Tamella, followed by the finer-grained.,

second generation of trells-type (Plate 2A). The atte i restricted 0 those parts
of the host magnetite where coarser sandwich ilmenite lamellae do not occur,
Sandwich-type Jamellae may either be of primary origin and thus of the same
‘age as the host magnetite; o are the resul of exsolution due to intensive diffu-
sion. The associated younger trellis type originated under lower temperatures
and thus, lower diffusion conditions,

“The latter interpretation (exsolution of sandwhich-ilmenite) is supported by
elemental disribution signatures within 4 cross-section along the host magnetite
rystal and the ilmenite lamellae (Merensky Reef, sample 1) and is summarized
in Fig. 4 [a similar distrbution can be deduced from sample 2 of the Merensky
Reef (Plate 2A); Table I, columns VII-X]. I the contact zone and between two
ilmenite lamelle elements arc enriched in the magnetite host which cannot be
properly accommodated in the lutice of /imenite: chromium, zinc, and alumi-
num [Fig. 4, position (4)]. The Fe;0x-distribution along the cross-section of
Fig. 4 indicales the absence of oxidation in the fimenite lamelle which shows
enrichment of TiOs. MgO, MO, and FeO. Among these oxides, MgO is also
enviched in the contact zone at the expense of FeO which was obviously used
for the formation of ilmente. The absence of oxidation is in agreement with
condition faciltating the introduction of sulphides during late Stages of miner-
alisation (Ballhaus and Stumpl, 1986).

. Within titanomagnetite, ilmenite lamellae may oceur in close association with
ulvite (Taberg). Both flmenite and ulvite are obviously the result of o separate
exsolution processes. This is confirmed by the homogeneous densiy in disti-
bution of ulvite exsolution boies (compare the distribution of the two ilmenite
generstions of the Merensky Reef: Fig. 2A) near the ilmente lamellac as well as
at some distance (Plate 1E). The obscrved intergrowths may be explained by a
cation-deficient titanomagrietite precursor converting to magnetite-ulyite solid
Solutions by exsolving FeTiO; in the sense of Lattard (1995) with subscquent
exsolution of ulite,

The ilmenite inclusions of the trelis and sandwich types in magnetite of all the
samples investigated contain FexOyconcentrations in the ilmenite solid solutions
ranging from 3,00 (0 6.05 mol%. These data versus FeTiOs+MnTiOs are sum-
‘marised in Fig. § where the analytical points occupy & smial field only. Relationships
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Fig. 4, Blemental disribution (wi%) in zoned magnetite and ilmenite inclusions of the
Merensky Reef (sample 1). Note the diering scale bars for the elemental concentrations

— koo,

— FeTi0, + MaTi0,

Fig. 5. Fe,04/FeTiO, + MaTiO diagrain (mol%) showing the analytical plots of guest
ilmenies and hostilmenites of magnetite-lmenite inferprowihs and the plors of ferrian
ilmenite and ttanohematites of thermally generaied martite. The dashed fine sepurating
ferian ilmenite from ttanohematits represcs the miscibility gap in the system FexOs—
(Fe, MaITIO
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Fig 6, Composiional anges of the magnetite-ulvite sold solutons end ilmenite-hemaite
Solid solution of magnetite containing ilmenite lamellae and vice versa and of theqmally
generaied martite within the FeO (+ MnO + Mg0)-Fe,0, (+ ALO: + Cr,0,)-TiO dia-
‘eram. Note that bost and guest of the sume crysial are connected by lines with arrows
pointing in the direction of the guest, Due to the incorporation of other oxides, the plots
o ot lie excactly o the line, One plot (located fa away from the line, arrow) represents
Solid solution dominted by geikielte (= MgTIO)

between the compasitions of magnetite-ulvite solid solutions of the hosts and the
hematite-lmenite solid solutions of the guests are presented within the FeO—
Fe;05-Ti0; diagram (Fig. 6).

Iimenite containing magnerite lamellae

“The reverse guesthost relationship between magnetie and ilmenite was described
by Buddingion sad Lindsley (1964) and atributed to reduction-exsolution: magne-
it lamellae n the host conssting of ferrian ilmenite (— ilmenite coniaining Fe-Os
in solid solution) ar ascribed to subsolidus reduction of ;0 (of the solid solution)
1o magnetite with contemporancous exsolution of the laer in the form of oriented
lamellae. Additionally Haggerry (1991, p. 176) noted that the exsolved magnetite
Jamellac are exclusively concentrated in the cores of the reduced host crystals.
Therefore he postulaed a subsequent low temperature oxidation and consequently
the re-formation of hematite from exsolved magnetite and the incorporation of
Fe,0, into the ilmenite sold solution, This interpretation docs indeed require a
complicated process and it is unlkely that al locations where such intergrowths
occur had suffered the same sequence of redox processes. Apart from this inter-
pretaton, textures in the Tugan Kudaku sample cannot be. explained by the
reduction-exsolution model. In the centers of the lamellac-bearing ilmenit host,
the Fe;0x-concentrations are 5.4 (Table 1, column XII) and 8.3 wise, whereas
the lamellac-frec margins contan 1.8 (Table 1, column XI) and 6.15 W% Fe:Os,
respectively
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“The results presented here show thal the extures of iimenite lamella in mag-
netite and vice versa resulted from the same mechanism. In both lextures the
lamellae do not only occur in the cores of the host crystals (compare Plate 1A
with Plate 2C) but may also oceur in two generations (Plate 2A/B). These obser-
vations are in agreement with other systems known (0 form true exsoluton texiures
which generally are able to change the host-guest elationships depending on the
‘composition of the precursor. This s supported by analytical data, The composi-
tional plots of the ilmenite hoss and the magnetite guests are located exactly in
the fields of the magnetie hosts and ilmenite guests. Consequently, the FeOr-
concentrations of the ilmenite host are similar 1o those of the imenite guests in
reverse intergrowths (Fig. 6).

“The association of magnetite grains with lmenite lamellae in paragenesis with
itmenite grains that contain magnetite lamellae (Otanmiki) cannot be explained
with the model of Buddingion and Lindsley (1964). According 1o this model, the
w0 intergrowths orginate from oxy-exsolution (magnetit + ilmenite lamellae)
and from reduction-exsolution (lmenite + magnetite lamellae) and. thus cannot
properly occur n the same paragencsi

Thermally generated martite

“This type of magnetite (host-ilmenite (guest) intergrowths was described by
Ramdor (1940; 1969: p. 907; 1975: p. 986; 1975: p. 896) and Frenzel (1954),
Thermally generated marite being the guest is composed of eiher ferian iimenite
or titanohematite. This martite is identical to th stages 4 and S of Haggerty (1991)
and the textures are indeed oxidation products formed under subsolidus conditions.
Various observations and analytical data support this interpretation:

~ The newly-formed ferrian ilmenite or ttanohemaite lamellae are predominantly
concentrated along the margins of the host crystals (Plate 2D).

In contrast o the tellis and sandwich types, the lamellae are relatively broad

and intersect the entire host crystal (Plate 2D/E).

‘The subsolidus oxidation origin of the ilmenite lamellac originating from homo-

‘geneous ttanomagnetit, i clearly recognizable by relics of titanomagnelite in

the newly-formed lamellae (Plate 2D).

~ The Fe:Ox-concentrations of the guest ilmenite-solid solution vary between 32.2
to 75 6mol‘ (Fis. 5).

‘The formation of thermally generated martite from previously homogencous
titanomagnetite is reversibie. The reduction starts along the margin and the pre
vious titanohematite lamellae ar reduced to itanomagnetite and the spinel exsolu-
tions disappear (Plate 2P). In the incompletely reduced core of the crystal,
pscudomorphic replacement of titanohematite by titznomagneite as well e relies
of ttanohematite and spinel-bearing magretite (Plate 2F) can be obscryed.

Conclusions
“The investigations reported in this paper undedline the need (o supplement micro-

scopic studies of supposedly well-known Fe—Ti oxides, and their complex associa-
tion of exsolution textures with quanlitative electron microprobe analyses.




[image: image18.jpg]22 A Micke

Homogeneous isotropic and anisotropic titanomagnetite without ilmenite
Jamellac can thus be defined as follows: Isotropic fitamomagnetite originates from
magnetite-ulvite solid solutions. Anisotropic titanomagnetite is due 10 a cation-
deficient mode of formation and follows the vacancy relaxation exsolution model
of Lattard (1995). Both isotropic and anisotropic homogeneous titanomagnetite
were found in volcanic rocks only and are thus the result of fast cooling.

“The second group of samples investigated comprises ttanomagnetite withilmen-
ite lamellac of trellis and sandwich textures. Within this group. the reverse host.
guest relationship was also noticed. In these intergroswths the guest minerals are
always located in the cores of the host. These featurcs cannot be accomodated in
the oxy- and reduction-exsolution model. The plots of all the magnetite- (host and
‘guest) and ilmenite- (guest and host) data are presened in the FeO~Fes01—TiO;
disgram and occupy the same fields along the Fe3TiO—Fe;Oy and Fe* TiOx-
Fe;05- joins (Fig. ). These findings show that al textures involving imenite in
magneite resulted from the same mechanism.

“The last section of this study deals with thermally generaied. martite. The
martite lamella consist of FeTiO5-Fe:0 solid solutions. Depending on molecular
proportions, they ate either ferrian ilmenite or titanohematite, concentraied prefer-
entially along the margins of the titanomagnetite hosts. The reverse host-guest
relationship has not been observed. These intergrowths are considered 10 be the
result of subsolidus oxy-exsolution according 1o the model of Buddingion and
Lindsley (1964). The subsolidus origin of the (ilmenite-hematite),.-lamellze is
supported by the fact that they contain relics of fitanomagnetite (Fig. 2D). Similar
features camnot be observed in the tells and sandwich types.

‘The genetial relationship suggested t0 exist between trelis/sandwich textured
ilmenite in_magnetite and titnohematite/ferrian iimenite in magnetite. by
Haggerty (1991) (sages 2 10 5 characterising the intensity of oxidation) was not
confirmed by this study: the FeOx-concentrations in the guest-solid solutions of
the relis- and sandwich types do not exceed 8.3 mol%, whereas thermaly gencr-
ated martites reach 32.2 (0 75.6mol% (Fig. ). From all types of intergrowths
studied, it is only thermally generated martite 10 which the oxy-exsolution model
can be applied. limenite-hematite-rich black sands are an important raw material
for titanium production. Our results underline the relevance of microscopic and
microprobe studies not only for questions of ore genesis, but alsa for correlating
bulk composition of black sands with the wide spectrum of solid solutions and
textures observed in this important resource
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Appendix: Calculation of the analytical data

Poins for microprobe analyses were careflly selcted under the microscope, Three diffreat
types of minerals were caleulaed based on somic percentages:

1. Mincrlsof the spinel group: The calculrons e based on 3 ctions and from these the
spinl end-members were calculted in he following onder: Fet 110, (ulvite), MaALO,
(spiel s sty xcess AL Fe* ALO, (hecynte) o xcess M Mgl O (mag-
nesioferrie), M’ Fe} O, Gacobsie), Znfe}' O, (fanklinite), Fe  Cr, (chromite).
Fet V.00, (coubonite) and fnaly the remaining Fe ino Fe?” et 0, (magnete), Some
anslyses may contain SO (Sibearing spinels are well-know). This was calulated prior
1o the alculation of magnetie i the form of s thecreical end-member: SiFE3- 0 (vt
denical 0 fayalt). From the sbove menioned cad merbers the amount of Fe** and
P’ wore aded and expressed 0 e bass of nalysed FEO), e 2 FeO, . ad FOsc
“The later two alues e icluded in the snalytical ot

17.Cr,0, and TiO are high the calcultion procedurs was mified sighly

L1 GOy FSTIO (uvit), M™'Fel’O; (jacobst), ZFel’ Oy (Tnkimic),
MgCr0. (nugnesoehromit). remining C: Fe?* Cr0, (ehomite). e~ ALO,
(bereyaite) and fnally he remining Fe nto FeFej O (magnetit)

12 Ti0; MgALO, (spinel semso sticto). remining Mg: M.TiO, (quandile),
Mi-TiO, remaining T Fe; TiO, (uvi), and fally the remainig. Fe nto
Fe Rl 0, (magnetc).

2 Cationdefcen spines: Calculaions ar on the bass of 4 oxygens and the smount of
ctios ahvays smallertha 3) were ditbutd 0 th end members MeTIO, (ki ).
Nt T (i) and Fe 1O (i, Fe* AL (hersmi), Fe*Cr0.
(chvomie), M Fei O, Gucobsse), SFe 0, and the emaiing on o Fe> Tl O
(mgnetic)

. The minersis o the lmenie seie: Calltiops e caried out o e asis of 2 catons
From these data MgTiO; (geikielite) and Mn' “TiOs (pyrophanite) were calculated and
o excss i xpresed nthe fom o Fet T Glmen) Fxcess Fe was expescd 25
FeLO, (hemate). The anount of V. Al and Cr were callted 3 V205 (areianite).
A0, (conmdum) and €10, sk

‘Some analytcal data, included in the diagrams and party referred 10 the text are not
presented in the tabls. These data can be obiained from the author upon request
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