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Abstract. The development of F e - T i  oxide assemblages 
in basic rocks from the Penninic series of the southern Vene- 
diger area, Austria, during polyphase Alpine metamor- 
phism has been studied. Textural and compositional rela- 
tions indicate thorough reequilibration of the opaque min- 
eral assemblages during late Barrovian metamorphism at 
essentially static conditions of lower amphibolite to 
greenschist facies. In contrast, silicate mineralogy of the 
preceeding blueschist to eclogite facies metamorphism 
might still be preserved to a large extent. 

Chemical adjustment of the F e - T i  oxide minerals to 
decreasing P -  T conditions is characterized by (1) forma- 
tion of complex intergrowths of ilmenite and hematite solid 
solutions (<  550 ~ C), (2) the decomposition of hemo-ilmen- 
ire 1 to ferrianilmenit% + magnetite + rutile and of 
ilmeno-hematitel to titanhematite 2 + rutile 4- magnetite 
(<  450 ~ C), and (3) low-grade oxidation of ferrianilmenit% 
to magnetite + hematite-rutile intergrowths or hematite 
+ rutile and of titanhematite 2 to hematite-rutile inter- 
growths (__< 400 ~ C). Chemical equilibrium is suggested by 
the regular partitioning of Cr, V, Mg and Mn between 
coexisting hemo-ilmenite, ilmeno-hematite, and magnetite. 
The hematite-ihnenite miscibility gap has been delimited 
on the basis of the bulk compositions of the exsolved phases 
and the temperature estimates obtained from F e - T i  oxide 
thermometry. 

Introduction 

The composition of iron-bearing silicates in metamorphic 
rocks is related to the oxide ore assemblage because they 
are part of the complex oxide buffer system under closed 
system conditions (Chinner 1960; Annersten 1968). The 
temperatures and oxygen fugacities of equilibrated meta- 
morphic oxide assemblages can be determined from the ex- 
perimentally calibrated oxygen barometers and thermome- 
ters (Buddington and Lindsley 1964; Powell and Powell 
1977). However, since natural F e - T i  oxides usually con- 
tain significant amounts of Mg, Mn, Cr, V and A1 (Carmi- 
chael 1967; Wass 1973; Braun 1974), the experimentally 
derived T - f O  2 equilibria for the pure F e O -  Fe20 3 - T i O  2 
system can only be applied approximately (Powell and Pow- 
ell 1977). Another complication in natural assemblages is 
the effect of the composition of the intergranular fluid phase 
(H20 , CO2, $2, N z etc.) on the redox equilibria. In addi- 

tion, the subsolidus reactions in silicate and oxide solid 
solutions have different rates. As a result in silicate assem- 
blages, which are slower to re-equilibrate, mineral composi- 
tions generally reflect the thermal peak of metamorphism, 
while in F e - T i  oxides, in which re-equilibration is able 
to occur at much lower temperatures (cf. Rollinson 1980), 
mineral compositions record retrograde temperatures. The 
present paper investigates the subsolidus miscibility of natu- 
ral F e - T i  oxides by studying a metamorphic rock series 
whose tectonic and metamorphic evolution is well-known 
from silicate mineral equilibria. 

Geologic setting 

The metabasites studied here are taken from a north-south 
profile through the Penninic series in the southern Vene- 
diger area (Austria). Detailed discussions of the tectonic 
structure, petrology, and metamorphic development of the 
rocks, with emphasis placed on the metabasites, can be 
found in Abraham et al. (1974), Raith et al. (1977, 1980), 
Miller (1974, 1977) and Holland (1977). 

The metabasites range from tholeiitic to alkali-basaltic 
in composition (Raith et al. 1977) and appear in two differ- 
ent tectonic units (Fig. 1): 

(1) The northern lower unit (Eclogite series) consists 
of a thin Mesozoic series of calc-mica schists and quartz 
rich garnet-mica schists (commonly containing graphite) 
with intercalations of numerous eclogitic and glaucophan- 
itic metabasites (Raith et al. 1980). The base of the Eclogite 
series forms a thin Triassic series of marbles, quartzites 
and non-carbonate mica schists. 

(2) The southern adjoining upper unit (Glockner 
nappe), which is separated from the lower unit by a promi- 
nent thrust plane, is much thicker and developed in typical 
Glockner facies. The Mesozoic Biindner schist series con- 
tains a thick succession of calc-phyllites, phyllites, and calc- 
mica schists, intercalated with chlorite schists, prasinites, 
and amphibolitic metabasites. These rocks overlie a thin 
unit of Triassic rocks that are chiefly carbonates, and a 
lamella of Paleozoic mica schists and albite porphyroblastic 
gneisses. 

Two different metamorphic phases of mineral growth 
can be recognized in the metabasites which are part of a 
continuous metamorphic event (Raith et al. 1980; Holland 
1979b). During the first eoalpine >P/T metamorphism 
(90-60 m.y.) the basites of the Glockner nappe recrystal- 
lized from top to bottom progressively to chlorite schists, 
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Fig. 1. Geological map of the southern 
Venedier area (according to Raith et al. 
1980). Numbers give sample localities in 
the Dorfer valley profile 

lawsonite- and glaucophanebear ing schists ( P - - T  condi- 
t ions: 350-400 ~ C/4-6 kbars ;  Rai th  et al. 1980). The eclo- 
gitic and glaucophani t ic  metabasi tes  of  the Eclogite series 
were formed at  markedly  higher P - T  condit ions 
(450-550 ~ C/8-14 kbars :  Miller  1977; Spiering 1979 resp. 
620 ~ C/17-22 kbars :  Hol land  1979 a). 

The eoalpine phase o f  metamorph ism out las ted the for- 
mat ion  o f  the nappe  structure of  the Penninic series. Recrys- 
tal l ization of  eclogite rocks under static condit ions and local 
t ransformat ion  to glaucophane schists characterizes this 
pos tk inemat ic  stage. At  the end of  this stage the intensely 
folded and sheared series shows prograde  high-pressure 
metamorph i sm from the top  to the bo t tom of  the section. 

The subsequent early Ter t iary  metamorphic  phase 
(60-40 m.y. ago), p robab ly  occurred at  slightly higher tem- 
peratures  and lower pressures, causing a further overpr int  
of  the Penninic series. The lawsonite- and glaucophane-  
garnet-bear ing metabasi tes  of  the Glockner  nappe  recrystal- 
lized under  greenschist facies condit ions (400 ~ C/4 kbars)  
to prasinites.  The ectogites and  glaucophane schists o f  the 
Eclogite series locally recrystall ized to amphibol i t ic  and 
prasinit ic metabasi tes  at lower amphibol i te  to greenschist 
facies condit ions (550 ~ C/5 kbars).  

Opaque mineral assemblages 

Prasinites 

Textural features suggest that the opaque mineral assemblages re- 
crystallized at greenschist facies conditions (Table 1). The assem- 

blages pyrite + chalcopyrite and magnetite + hematite are wide- 
spread. Less commonly magnetite + hematite + futile, hematite or 
magnetite are found. All these assemblages occur in layers and 
may alternate on a rather small scale. Rock types with abundant 
sulfides commonly contain minor amounts of magnetite and 
sphene. Ferrianilmenite is observed solely as relics in association 
with pyrite and chalcopyrite in one prasinitic metabasite (sample 
56). Magnetite is the only opaque oxide mineral found in contact 
with sulfide minerals, and replacement of Fe-- Ti oxides by sulfidi- 
zation reactions has not been observed. In highly oxidized prasin- 
ites and chlorite schists hematite + futile are preserved in the cores 
of Fe3+-rich epidote grains (e.g. samples 50a, b and 49a, b) as 
relics from an earlier metamorphic stage. 

The regional variation of opaque assemblages in the prasinites 
is essentially the result of local differences in the oxygen and sul- 
phur fugacities and probably reflects the primary redox-changes 
of the source rock (Thompson 1972). The phase relationships be- 
tween the Fe--Ti  oxides correspond with those of the lower 
greensehist facies (Fig. 2; compare also Rumble III 1976). 

Magnetite in the prasinitic rocks is most commonly equant and 
euhedral. An additional late skeletal type (15-250 llm across) is 
also observed. In reflected light magnetite is optically homogeneous 
without discernable zoning or exsolution. Incipient martitization 
is present around grain boundaries and along cleavage planes. 
Magnetite is a late postkinematic product, and it commonly en- 
closes and surrounds silicates, but it also may enclose sulfides, 
hematite, or traces of ilmenite. 

Titanhernatite and rare Fe 3 +-free ilmenite occur in the centers of 
coronar aggregates of sphene. These hematites show acicular futile 
exsolution textures (1-1.5 gm in length), which are oriented parallel 
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Table 1. Opaque mineral associations of the metabasites 

Sample Rock type Opaque mineral assemblages 

opaque oxides a sulfides 

56 prasinite 
55 prasinite 
54a, b prasinite 
50a, b prasinite 
49a, b prasinite 

magnetite, ilmenite, rutile, sphene 
magnetite, sphene 
magnetite, ilmeno-hematite, sphene 
magnetite, ilmeno-hematite, ruffle, sphene 
magnetite, ilmeno-hematite, ruffle, sphene 

chalcopyrite, pyrite 
chalcopyrite, pyrite 
chalcopyrite, pyrite 
chalcopyrite, covellite 

44 garnet amphibolite 
43 garnet amphibolite 
42a, b garnet amphibolite 
41 garnet amphibolite 
40 garnet amphibolite 
39 garnet amphibolite 
38 garnet amphibolite 
37 garnet amphibolite 
36 garnet amphibolite 
35 garnet amphibolite 
34 garnet amphibolite 
33 garnet amphibolite 
32 garnet amphibolite 

ilmeno-hematite, hemo-ilmenite, rutile, sphene 
magnetite, hemo-ilmenite, ruffle 
magnetite, hemo-ilmenite, ilmeno-hematite, futile 
hemo-ilmenite, rutile 
magnetite, ilmeno-hematite, hemo-ilmenite, rutile 
hemo-ilmenite, ilmeno-hematite, rutile 
hemo-ilmenite, rutile, sphene 
magnetite, hemo-ilmenite, rutile, sphene 
magnetite, hemo-ilmenite, ilmeno-hematite, ruffle 
magnetite, hemo-ilmenite, ilmeno-hematite, rutile 
magnetite, hemo-ilmenite, ilmeno-hematite, rutile, sphene 
magnetite, hemo-ilmenite, ilmeno-hematite, rutile 
hemo-ilmenite, hematite, futile, sphene 

chalcopyrite, pyrite 
chalcopyrite, pyrite 

pyrrhotite 
chalcopyrite, pyrite, pyrrhotite 
chalcopyrite, pyrite, pyrrhotite 
pyrite, pyrrhotite 
chalcopyrite, pyrrhotite 
pyrrhotite 
chalcopyrite 
chalcopyrite, pyrite, pyrrhotite 

31 eclogite (glauc.) * 
24 eclogite (diaph.) ** 
23 eclogite (glauc.) 
22 eclogite (diaph.) 
21 eclogite (glauc.) 
20 eclogite (diaph.) 
19 eclogite (diaph.) 
18 eclogite (diaph.) 
17 eclogite (glauc.) 

hemo-ilmenite, ilmeno-hematite, rutile pyrite 
magnetite, ilmeno-hematite, ruffle, sphene 
magnetite, ilmeno-hematite, rutile 
magnetite, ilmeno-hematite, hemo-ilmenite, futile 
magnetite, hemo-ilmenite, ruffle pyrrhotite 
hemo-ilmeuite, rutile, sphene chalcopyrite, pyrrhotite 
magnetite, ilmeno-hematite, rutile 
magnetite, ilmeno-hematite, rutile 
magnetite, hemo-ilmenite, ilmeno-hematite, ruffle, sphene pyrite 

Terminology of the rhombohedral F e - T i  oxides as far as oxidation and exsolution products are concerned, after Buddington et al. 
(1963) and Anderson (1968): hemo-ilmenite = intergrowth of titan-hematite and a ferrian-ilmenite host; ilmeno-hematite = intergrowth 
of ferrian-ilmenite and a titan-hematite host; * glaucophanitic eclogite; ** diaphthoritic eclogite 
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Fig. 2. F e -  Ti oxide parageneses of prasinitic metabasites: rutile + 
magnetite + hematite (samples 50 a, b; 49 a, b), magnetite + hema- 
tite (54a, b), magnetite + ilmenite (56) and magnetite (55) 

(10il) of the host crystal. In addition subhedral hematite laths 
are distributed through the rock and represent part of the equili- 
brated opaque assemblage. These hematites also exhibit rutile nee- 
dles (15-20 gm in length and 1-1.5 gm in width), which are mainly 
restricted to the cores of the grains. Postkinematic hematite idio- 
blasts commonly occur in the proximity of sphene, enclosing hema- 
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Fig. 3. Phase relations of coexisting F e - T i  oxides in amphibolitic 
metabasites. Parageneses studied are: rutile + hematite + ilmenite 
(samples 44; 39 ; 32), magnetite + ilmenite + hematite (42 a, b; 40; 
36; 35 ; 34; 33), rutile + ilmenite (41 ; 38) and magnetite + ilmenite 
(43; 37) 

tite and futile relics. This hematite-generation is characterized by 
optical homogeneity, by the absence of lamellar rutile exsolution, 
and by the rarity of inclusions. The tabular crystals are intimately 
intergrown with sphene without being replaced by it. 
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Fig. 4. Fe--Ti-oxides in amphibolitic and eclogitic metabasites. A Extensive high temperature migration forms subhedral hemo-ilmenite 
(~ / )  with tiny hematite exsolutions in the form of strings of pearls. Ilmeno-hematite (i-h) shows a set of well oriented ilmenite lamellae. 
The speckled area in the upper part of the ilmenite grain (left side) is due to diaphthoritic oxidation and consists of rutile + hematite 
( r+h) ;  garnet amphibolite 33. B Ilmenite (h-i) exsolves a lenticular and a second string-shaped (3.5-1 ~tm) ilmeno-hematite generation. 
Subhedral magnetite (rot) exhibits thin martite lamellae//(111) of the spinel; eclogite 17. C Anhedral ilmenite-hematite solid solutions 
(h-is~) with sandwich-like structure are replaced by a secondary hematite-poor idiomorphic ilmenite (h-i2), in part with skeletal growth. 
Idiomorphic, martitized magnetite (mr) coexists with these ilmenite blasts; eclogite 17. D Diaphthoritic generation of euhedral magnetite 
(mr), weakly martitized, coexists with hematite exsolving rutile. Rutile (ru) exsolutions consist of coarse rutile laths, being in direct 
contact to magnetite and thin lamellae, oriented//(1011) of hematite; eclogite 19 



Rutile is always accompanied by traces of hematite and it occurs 
as rare inclusions in sphene and in the Ti-rich cores of large hema- 
tite idioblasts. In both cases it represents the oxidation product 
of an originally Ti-rich ilmeno-hematite. 

Garnet-amphibolites 

The typical opaque mineral assemblages of the garnet-bearing am- 
phibolitic and prasinitic rock types are (Fig. 3) : 
hemo-ilmenite + ilmeno-hematite + rutile, 
hemo-ilmenite + ilmeno-hematite + magnetite + rutile, 
magnetite + ilmenite, rutile + ilmenite, and rutile + hematite. 

In addition, chalcopyrite, pyrrhotite, and pyrite are present in 
varying amounts (Table 1). As in the prasinites, the euhedral sul- 
fides from the garnet amphibolites are not intergrown with the 
opaque oxides. Incipient limonitization of pyrite is commonly ob- 
served. 

Hemo-ilmenite primarily forms rims around spherical hematite 
grains. Subhedral ilmenite, which may be enclosed by late alman- 
dine-rich garnet, generally shows three types of hematite exsolu- 
tion: 
(a) a roughly spotted or spindle shaped ilmeno-hematite generation 
attaining volumes of equal size if compared to the ilmenite host 
(Fig. 4a); 
(b) a finely spotted to lenticular hematite with maximum diameter 
of 5-20 gm, which is mainly exsolved in the marginal areas of 
the ilmenite grains; 
(c) and very fine-grained textured hematite having the form of 
"strings of pearls" measuring I 1.5 gm. 

A typical texture in the garnet-bearing metabasites is graphic 
intergrowths of ilmenite and silicates which grow epitactically on 
the octahedral faces of magnetite crystals. These ilmenites often 
exsolve large amounts of anhedral hematite at the margins of the 
grains. Because it is a late oxidation product, this hematite is inter- 
grown with acicular rutile. Depending on the degree of oxidation, 
ilmenite can be observed with coarse interlayered lamellae or irreg- 
ularly distributed spots of rutile. Along with the anhedral hematite 
occurring at the margins of  ilmenite, these complex intergrowths 
represent different stages of ihnenite alteration to hematite and 
rutile. 

Late diaphthoritic oxidation leads to irregular speckling of il- 
menite, caused by fine-grained intergrowth of rutile and Ti-hema- 
tire. These 2-5 gm large spottedly arranged oxidation products 
even may completely replace the ilmenite host. 

Ilmeno-hematite occurs both in the sandwich-type intergrowths 
with hemo-ilmenite described above and as independent subhedral 
grains in the silicate matrix. The exsolution textures of both ilmeno- 
hematite types are identical. Ilmenite is exsolved in two genera- 
tions : 
(a) as spotted, commonly platy to string shaped bodies, 5 35 gm 
in length; 
(b) as very fine lamellae, ~ J  gm thick, interstratifying the hematite 
host subparallel to (0001). 

Highly oxidized rocks contain hematite with acicular shaped 
rutile exsolutions usually oriented parallel to (1011). Flames or 
anhedral grains of rutile are also commonly observed. Oxidation 
products of former ilmeno-hematite are hematite-rutile sandwich- 
structures. The hematite part of these structures shows rutile layers, 
and the rutile contains hematite lamellae. A late hematite genera- 
tion that is similar to the hematite of the prasinites is commonly 
phacoidally or tabular shaped, optically homogeneous, and free 
of inclusions. 

In addition to intergrowths with ilmenite and hematite, subhed- 
ral to rounded ruffle occurs as an independent phase in the silicate 
matrix. 

Euhedral magnetite appears in the chloritized margins of al- 
mandine-rich garnets where it was formed as a break-down prod- 
uct. These 25-50 gm magnetite idioblasts are easily distinguished 
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Fig. 5. Phase relations of coexisting F e -  Ti oxides in eclogites and 
glaucophane schists. Mineral assemblages of the eclogitic stage: 
rutile + ilmenite + hematite (samples 31 ; 17), magnetite + ilmenite 
(2~), ilmenite + rutile (3] ; 21 ; 20) and ilmenite + hematite + magne- 
tite (22; 17) 

from the coarser grained (120 150 gm) euhedral magnetite of the 
matrix. Textural relations indicate that this second magnetite gen- 
eration is of the same age as the ilmenite-silicate symplectites dis- 
cussed above. Tabular hemo-ilmenite can be found in contact with 
magnetite. The magnetites are microscopically homogeneous, ex- 
cept for fine-grained silicate inclusions. Rarely, incipient martitiza- 
tion at grain boundaries is observed. 

Eclogites 

Rutile is the dominant opaque mineral in the majority of the eclo- 
gites and gtaucophane schists. In addition, hemo-ilmenite, ilmeno- 
hematite, and the sulfides pyrrhotite, pyrite, and chalcopyrite may 
be present depending on the prevailing redox conditions. In the 
moderately retrogressed rock types the following F e - T i  oxide.as- 
semblages are encountered (Fig. 5): 

rutile + hematite + ilmenite, ilmenite + rutile, ilmenite 
+ magnetite and ilmenite + hematite + magnetite. 

The opaque mineral assemblages of the strongly retrogressed 
metabasites show a higher degree of oxidation : 

hematite + magnetite + rutile relics, rutile + hematite 
and hematite + magnetite. 

In the altered eclogites and glaucophane schists rutile and il- 
menite are largely replaced by sphene. 

Rutile appears as an excess phase in all assemblages. The euhedral 
iron-rich rutile is almost free of inclusions and unzoned. Sporadic 
spots of ilmenite can be seen along the grain boundaries. Extensive 
intergrowth with ilmenite or ilmeno-hematite is only rarely found. 
These textural relations are strongly suggestive of replacement pro- 
cesses. In retrogressed eclogites, rutile becomes unstable and shows 
extensive replacement by ilmenite and hematite, whereby the exter- 
nal outlines of the rutile grains are fairly well preserved. Apart 
from these partial pseudomorphs, extremely altered eclogites con- 
tain a second rutile generation which along with hematite replaces 
ilmenite. Two samples show that these ilmenite oxidation products 
can be progressively replaced by sphene, which leaves an eclogitic 
mineral assemblage essentially free of rutile. This phenomenon has 
already been described in the prasinitic rocks. 

The ilmenite in the eclogites, as in the amphibolite assemblages, 
is characterized by two generations of hematite exsolution 
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crystals and two generations of exsolution. Investigation were performed on 38 ilmenite and 45 hematite grains of the eclogite sample 
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Table 2. Analytical procedure, detectability limits and precision for major, minor and trace elements 

Elements Major elements Minor and trace elements 

Fe Ti Ti V A1 Mn Mg V Mn Ni Cr Zn 

Wt.% 46.54 45.70 1.60 1.10 6.23 4.77 0.31 0.20 0.17 0.14 0.10 0.16 
in standard 

Oxides FeO" TiO 2 TiO 2 VzO 3 AI/O 3 MnO MgO V20 3 MnO NiO CrzO 3 ZnO 

Standards b 1 1 2 2 3 1 1 4 4 4 5 2 

Wt.% in 46-93 10-50 0-9 0.5-1.4 0 1.4 1-4 04).7 0-0.4 0-0.7 0-0.1 0-0.04 043.4 
Fe--  Ti phases 

Detectability - - 0.02 0.02 0.02 0.06 0.05 0.02 0.06 0.02 0.02 0.04 
limits c 

l a  (%) 0.5 1.0 1.3 1.4 2.2 1.0 3.1 2.5 8.9 7.8 4.0 9.3 

" Total iron as FeO 
b Mineral standards obtained from E. Jarosewich, Smithsonian Institution, Washington: 1-Ilmenite N M N H  96189; 2-Chromite 53-IN-8; 

3-Chromite GS-2; 4-Chromite 55-G-17; 5-Augite, Kakanui 
c Detectability limits calculated according to Kaiser (1965) 

(Fig. 4b). The composite ilmenite grains exhibit hematite lenses 
grading progressively into sandwich laths. This hematite generation 
exsolves elongated discs of ilmenite. SEM images of exsolved hema- 
tite which is at the limit of optical resolution, show that it forms 
string-like intertwined exsolution clusters. Areas of from 2 to 10 ~tm 
in the ilmenite host which are adjacent to first generation ilmeno- 
hematite lamellae are free of  optically recognizable hematite exsolu- 
tions. The same holds when the smaller ilmeno-hematite spots of 
the second generation accumulate in marginal regions of the ilmen- 
ite grains (Fig. 6). 

A characteristic oxidation product of primary hemo-ilmenite 
is euhedral lath-shaped ilmenite. This second generation of ilmenite 
formed by the oxidation reaction: hemo-ilmenite 1 + O 2 = hemo- 
ilmenite2 + ilmeno-hematite2, whereby minute drop-like hematite 
is exsolved (Fig. 4c). The ilmeno-hematite 2 itself exhibits only few 
coarse-layered ilmenite exsolutions, an intimately disseminated il- 
menite phase is not traceable. Advanced diaphthoritic oxidation 
ultimately causes the already described speckled ilmenite, i.e. its 
transformation to hematite and rutile. 

Ilmeno-hematite exsolves coarse lath-shaped ilmenite and a second 
generation of minute drop-like ilmenite. These complex inter- 
growths are rimmed by ilmenite which is essentially free of hematite 
exsolutions and frequently in direct contact with independent il- 
menite idioblasts. As a result of complete oxidation of ilmeno- 
hematite and possibly also of hemo-ilmenite subhedral hematite 
crystals with a laminated rutile intergrowth are formed. 

Magnetite with incipient martitization typically occurs in retro- 
gressed glaucophane schists. The martite lamellae are predominant- 
ly oriented parallel to the (111) planes of the spinel (Fig. 4e). Ex- 
cept for minor silicate inclusions, the euhedral magnetite crystals 
are optically homogeneous and always free of recognizable zoning. 
A late generation of subhedral or skeletal magnetite replaces ilmen- 
ite-rutile intergrowths and hemo-ilmenite. It coexists with hematite 
and rutile in the opaque mineral assemblages of diaphthoritic sam- 
ples. Furthermore, a second generation of fine-grained euhedral 
magnetite is formed as break-down product of the garnets. This 
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Fig. 7. Minor element concentrations of magnetites. Average values and maximum variation of oxides are plotted for eclogitic (open 
circles), amphibolitic (half-filled circles) and prasinitic metabasites (filled circles) 

homogeneous magnetite is frequently observed coexisting with sec- 
ondary hematite, 

Analytical techniques and recalculation of microprobe analyses 

Wave length dispersive analyses of the F e - T i  oxides in 31 metaba- 
site samples were done with the JEOL 3A microprobe at the Miner- 
alogisch-Petrographisches Institut, TU Clausthal and the ARL- 
SEMQ microprobe at the Institut ffir Mineralogie of the FU Berlin. 
Operating conditions were: 20 kV (accelerating voltage) and 
3540 nA sample current. Natural minerals with structures and 
compositions close to those of the Fe--Ti  phases (Table 2) were 
used as standards. The overlap effect of the TiK~ line on the VK= 
line was checked on low-V chromite standards with variable Ti 
concentrations using a LiF crystal with a A2 of 0.0091 A. Data 
reduction was done using the EMPADR VII computer program 
(Rucklidge and Gasparrini 1969) and the Bence-Albee correction 
procedure (Bence and Albee 1968). 

Generally, three to six mineral grains or aggregates were ana- 
lyzed per specimen depending on their microanalytical suitability. 
Each mineral analysis represented in the Tables is an average of 
4-6 individual analyses. Compositional homogeneous magnetite 
and futile were analyzed with a finely focussed electron beam. 
A larger diameter electron beam was used to analyze ilmenite and 
hematite in an attempt to compensate for complex intergrowths. 
The finest-grained ilmenite or hematite exsolutions of the second 
generation with a maximum diameter of 1-3 gm could not be mea- 
sured separately and was analyzed together with its host mineral. 
The bulk compositions of the exsolved rhombohedral phases were 
analyzed with an analysis-spot of 20-30 lain in diameter as de- 
scribed by Rumble III (1973) and recently by Thy (1982). The 
proportion of the exsolved phases in individual Fe-- Ti oxide grains 
were planimetrically analyzed and the average analyses of the 
rhombohedral phases used to calculate the bulk compositions. 

Tlmenite and hematite structural formulae are assumed to be 
stoichiometric and calculated from the analyses on the basis of 
4 cations with as much Fe 2+ converted to Fe 3+ as is necessary 
to bring the oxygen total to 6. In the resulting structural formulae 
Fe 2 + and Ni 2 + are combined and represent the ilmenite compo- 
nent. Mg and Mn represent the geikielite and pyrophanite compo- 
nents respectively. One half the combined Fe 3+, V 3 +, Cr 3+, and 
A1 a + represents the hematite component. 

The magnetite analyses are recalculated to structural formulae 
on the basis of 24 cations. The calculation of ideal spinel end 
members can be based on different assumptions (cf. Bowles 1977a 
and b). The calculation scheme used here is a modified version 
of the recasting procedure proposed by Morse (1980), which has 
been successfully adopted for T - J O  2 evaluations of magmatic 
F e -  Ti oxide parageneses. 

Chemistry of the F e -  Ti oxides 

Magnetite 

The magnetites are both  optically and chemically homoge-  
neous (Table 3). They have low and constant  MnO-  and 

Cr20  3 contents of  about  0.1 wt .% (Fig. 7). In  the transit ion 
from prasinites to amphibol i t ic  eclogites and glaucophane 
schists V20  3 of  the magneti tes shows a perceptible decrease 
from 0.25 to 0.1 wt .%,  while A120 3 and MgO show slight 
increases. Contents  of  0.2 wt .% AlzO 3 and 0.2 wt.% MgO 
in magneti te  from the prasinite samples increase to 0.9 and 
0.3 respectively in the eclogitic metabasites.  TiO 2 is general- 
ly low (<0 .1  wt .%)  but  at tains a maximum content  of  
0.55 wt .% in the amphibol i te  sample 34. The low and vary- 
ing contents of  the corresponding spinel constituents (ul- 
v6spinel and aluminate spinels, cf. Table 3) are comparable  
to magnetites from metamorphic  rocks of  similar grade 
studied by Buddington and Lindsley (1963), Abdul lah  and 
Ather ton  (1964), West ra  (1970), Mielke and Schreyer (1972) 
and Rumble  (1976). The ulv6spinel component  in the pra-  
sinites is only 0.1 mol .% and varies between 0.2 and 0.5 
mol .% in the amphibol i t ic  metabasi tes with the exception 
of  sample 34, which has the highest ulv6spinel content  (1.6 
tool .%).  

Ilmenite, hematite and rutile 

The chemistry o f  the ilmenite and hematite phases is ex- 
tremely complex because of  the very fine-grained exsolution 
and intergrowth textures. Table 4 reports  selected micro- 
probe  analyses of  the coarse ilmenite and hemati te  phases 
in complex sandwhich-type intergrowths. 

The Mn and Mg contents of  the ilmenites show an ap- 
parent  dependence on metamorphic  grade (Fig. 8). In  con- 
trast  to ilmenites from amphiboli tes  those from eclogitic 
rocks are markedly  enriched in MgTiO 3 (4-6 mol .%).  This 
could be due to the much higher pressures of  eclogite forma- 
tion (20-14 kbars)  favouring the int roduct ion of  the small 
cation Mg 2+ into the ilmenite structure. The later genera- 
t ion ilmenites, which formed in altered eclogites at much 
lower pressures ( <  6 kbars),  are essentially free of  MgTiO 3 . 
Instead, these ilmenites have higher contents of  MnTiO3 
(up to 8.5 tool .%).  The ilmenite phase exsolved in the coex- 
isting hematite,  in comparison,  is poor  in MnTiO 3, but  
like the ilmenite host  crystals is characterized by rather  high 
MgTiO 3 contents (Fig. 8). I lmenite lamellae of  prasinite he- 
matites are almost  pure FeTiO3 phases. 

The hematites are distinctly enriched in V20  3 and CrzO 3 
when compared  to the coexisting ilmenites (Table 4). This 
enrichment is independent  of  the metamorphic  grade and 
is the result of  similar ionic radii  (Fe3+ :0 .63A,  
V 3 +:0.72 A, Cr 3 + :0.70 A, cf. Schuiling and Feenstra  1980; 
ionic radii  by Whi t tacker  and Muntus  1970). Mn in contrast  
to Cr has a siderophilic character  thus favouring a com- 
pound  with Mn 2 + (pyrophani te  component) .  This is con- 
firmed by experiments on F e - - T i  oxides (Rumble I I I  1973; 
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Fig. 8. Composition of ilmenite host crystals (upper diagram) and 
ilmenite exsolution lamellae of hematite solid solutions (lower dia- 
gram) in terms of the components FeTiO3, MnTiO 3 and MgTiO 3 . 
Symbols: open circles - ilmenites of eclogites and glaucophane 
schists; half-filled circles - ilmenites of amphibolitic metabasites; 
filled circles ilmenites of prasinites 
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Fig. 9. Minor element composition of hematite host crystals (upper  
d iagram)  and hematite exsolution lamellae of ilmenite solid solu- 
tions ( lower  d iagram)  in terms of V, Al,  and Cr. Symbols: open 
circles - hematites of eclogites and glaucophane schists; hal f - f i l led 
circles - hematites of amphibolitic metabasites; f i l l ed  circles - he- 
matites of prasinites 

Neumann 1974; Himmelberg and Ford 1977). As a result, 
variation from ideal hematite chemistry is chiefly confined 
to the elements V, A1, and Cr (Fig. 9). The hematites show 
considerable variation in A1 and V contents, at relatively 
low Cr values. However, relatively Cr-rich hematites occur 
in amphibolitic eclogites, which are Cr-rich rocks. The he- 
matite present in the hemo-ilmenite intergrowths is general- 
ly poor in Cr, and the concentrations of  V as well as A1 
are more variable than those of  the hematite host crystals. 
Nevertheless, there is a distinct trend towards high V con- 
tents. 

Rutile is to a large extent chemically homogeneous (Ta- 
ble 5). Wet chemical analyses of  rutiles from glaucophane 
schists and related rocks (Makanjuola and Howie 1972) 
indicate that iron occurs in the ferrous state and that Fe 2 § 
and Mn 2+ substitute for Ti 4+. 

The FeO values for the core and rim areas of  the grains 
vary less than 10% relative. Elemental inhomogeneities are 
only found in eclogites and glaucophane schists, where ru- 
tile inclusions in garnet have a higher average FeO content 
of  1.2% than the rutile of  the matrix (0.7 wt.% FeO). Fur- 
thermore, the Nb-content  of  the futile relics is slightly high- 
er than that of  the rutile of  the matrix. This suggests that 
these compositional differences are the result of  a retrogres- 
sive depletion of  Fe and Nb. 

Discussion 

Textures and minor element distribution 

An analysis of  the subsolidus relationships in the system 
F e O - F e 2 O a - T i O 2  is only meaningful if metamorphic 
equilibrium was attained. This is particularly true when 
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Table 4. Microprobe analyses of rhombohedral  F e -  Ti phases and molecular proportions 

Rock type Prasinites Amphibolific basites 

Sample 54b 50b 49a 44 44 43 42 42 41 40 39 39 38 37 36 35 

Two-phase grain I-H ~ I-H I-H H-Ia I-H H-I H-I I-H H-I I-H I-H H-I H-I H-I I-H H-I 

N a 3 4 4 3 5 3 3 3 4 4 5 3 3 5 4 3 

SiO 2 
TiO 2 
A1203 
Cr203 
V203 
FeO b 
MnO 
MgO 
NiO 

Total 

Ilmenite (mol. %) 
(Fe,Ni)TiO 3 
MnTiO 3 
MgTiO3 

Hematite (mol. %) 
(Fe, AI, V, Cr)20 3 

0.00 0.00 0.00 
0.33 7.56 8.73 
0.47 0.15 0.20 
0.02 0.07 0.01 
0.30 0.51 0.35 

87.99 82.27 82.36 
0.02 0.04 0.04 
0.18 0.00 0.00 
0.02 0.00 0.00 

89.33 90.60 91.69 

0.72 16.14 18.40 
99.12 99.47 99.54 

0.05 0.53 0.46 
0.83 0.00 0.00 

99.28 83.86 81.60 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
47.12 10.95 47.38 48.30 17.38 46.15 14.36 10.77 48.01 48.72 46.97 15.80 47.65 

0.54 0.13 0.07 0.00 0.34 0.14 0.17 0.22 0.01 0.14 0.09 0.18 1.35 
0.03 0.01 0.01 0.02 0.28 0.04 0.03 0.05 0.02 0.05 0.03 0.02 0.03 
0.15 0.21 0.19 0.14 0.42 0.95 0.50 0.4l 0.15 1.02 0.33 0.09 0.13 

48.44 83.11 48.50 48.72 76.97 50.68 76.94 79.49 48.78 48.63 48.38 80.44 48.35 
0.01 0.01 0.33 0.62 0.21 0.51 0.02 0.0l 0.66 0.34 0.57 0.43 0.28 
0.75 0.33 0.24 0.28 0.46 0.19 0.14 0.08 0.23 0.16 0.16 0.15 0.74 
0.01 0.00 0.01 0.02 0.02 0.06 0.01 0.01 0.02 0.06 0.00 0.01 0.00 

97.05 94.75 96.73 98.10 96.08 98.72 92.17 91.04 97.88 99.12 96.53 97.12 98.53 

91.52 22.25 92.88 93.35 34.62 88.73 29.95 22.81 93.03 93.27 92.32 30.64 90.88 
96.86 94.59 98.23 97.43 97.59 97.97 98.12 98.60 97.53 98.57 97.98 95.53 96.31 

0.02 0.09 0.78 1.43 0.50 1.23 0.14 0.09 1.53 0.78 1.35 2.77 0.65 
3.12 5.32 0.99 1.14 1.91 0.80 1.74 1.31 0.94 0.65 0.67 1.70 3.04 

8.48 77.75 7.12 6.65 65.38 11.27 70.05 77.19 6.97 6.73 7.68 69.36 9.12 

Rock type 

Sample 

Two-phase grain 

N ~ 

SiO 2 
TiO 2 
A1203 
Cr203 
V20 3 
FeO b 
MnO 
MgO 
NiO 

Total 

Ilmenite (mol.%) 
(Fe,Ni) TiO3 
MnTiO 3 
MgTiO3 

Hematite (mol. %) 
(Fe,A1,V,Cr) 203 

Amphibolit ic basites 

34 34 33 33 32 

H-I I-H I-H H-I H-I 

3 4 5 6 3 

0.00 0.00 0.00 0.00 0.00 
46.18 12.50 16.80 47.82 50.34 

0.19 0.24 0.05 0.04 0.09 
0.06 0.04 0.11 0.03 0.03 
0.36 0.30 0,45 0.69 0.85 

51.16 76.87 77.01 48.03 45.80 
0.52 0.10 0.29 1.87 2.21 
0.56 0.38 0.09 0.15 0.06 
0.02 0.00 0.01 0.03 0.01 

99.05 90.43 94.81 98.66 99.39 

88.20 57.21 34.04 92.00 96.15 
96.38 93.78 97.27 95.02 94.84 

1.25 0.81 1.77 4.36 4.92 
2.37 5.41 0.96 0.62 0.24 

11.80 73.46 65.96 8.00 3.85 

Eclogites and glaucophane schists 

31 31 24 23 22 22 21 20 19 18 17 17 

I-H H-I I-H I-H I-H H-I H-I H-I I-H I-H I-H H-I 

3 3 3 4 6 3 3 3 3 3 3 4 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
17.53 46.76 12.18 14.71 17.03 47.15 51.04 50.19 12.48 17.14 17.26 49.54 

0.20 0.14 0.13 0.28 0.26 0.10 0.08 0.02 0.25 0.07 0.17 0.01 
0.14 0.04 0.11 0.14 0.40 0.03 0.05 0.02 0.04 0.10 0.13 0.04 
0.45 0.75 0.21 0.30 0.25 0.19 0.17 0.33 0.28 0.34 0.60 0.36 

77.51 49.84 80.86 77.83 76.48 49.62 43.95 45.52 77.16 74.15 73.23 46.75 
0.08 0.29 0.03 0.05 0.10 0.64 3.86 0.73 0.10 0.05 0.63 0.82 
0.23 0.79 0.30 0.30 0.41 1.03 0.10 0.55 0.19 0.06 0.59 0.83 
0.01 0.04 0.01 0.02 0.02 0.04 0.02 0.02 0.02 0.01 0.03 0.02 

96.15 98.65 93.83 93.63 94.95 98.80 99.27 97.38 90.52 91.92 92.64 98.37 

34.97 89.52 24.97 30.15 34.35 89.95 97.52 97.47 26.51 35.82 35.62 95.06 
97.16 96.01 95.38 96.00 95.06 94.18 91.12 96.21 96.48 99.07 90.09 94.85 

0.47 0.69 0.25 0.35 0.60 1.51 8.49 1.63 0.81 0.30 3.74 1.85 
2.37 3.30 4.37 3.65 4.34 4.31 0.39 2.16 2.71 0.63 6.17 3.30 

65.03 10.48 75.03 69.85 65.65 10.05 2.48 2.53 73.49 64.18 64.38 4.94 

a Number  of analyzed mineral phases 
b Total iron as FeO 
~ I-H = ilmeno-hematite 
a H-I=hemo- i lmeni te ;  average chemical analyses, molecular ilmenite of the rhombohedral  oxide phases and its composition in terms 

of (Fe,Ni,Ca)TiO 3, MnTiO3, MgTiO3. Maximum error for the ilmenite components:  +1.7  mol.% (Fe,Ni,Ca)TiO3, 0.12 mol.% 
MnTiOa and 0.09 mol.% MgTiO 3 (host crystals) and _+0.35 mol.% (Fe,Ni,Ca)TiO 3 (exsolved phase in hematite). The hematite 
host crystals as well as the exsolved phase in ilmenite are calculated in mol .% (Fe,A1,V,Cr)20 3 . The maximum error amounts to 
+0.89 tool.% (host crystals) and 0.53 mol.% (exsolved hematite) 

t h e r m o d y n a m i c  m o d e l s  a re  u sed  to ca lcu la te  e q u i l i b r i u m  
t e m p e r a t u r e s  a n d  oxygen  fugac i t ies  o n  the  bas i s  o f  F e - T i  
ox ide  c o m p o s i t i o n s .  Sil icate a s semblages ,  especia l ly  t h o s e  
o f  the  eclogi t ic  m e t a b a s i t e s ,  exh i b i t  m a r k e d  d i sequ i l ib r i a  
(Mi l l e r  1977;  Sp ie r ing  1979). T o  t r ace  b a c k  the  c o m p l e x  

m e t a m o r p h i c  h i s t o ry  the  o c c u r r e n c e  o f  m i n e r a l  relics, reac-  
t i o n  t ex tu res  a n d  d i a p h t h o r i t i c  m i n e r a l s  a re  i m p o r t a n t  ind i -  
ca to rs .  

T h e  sequence  o f  e x s o l u t i o n  a n d  r e a c t i o n  t ex tu res  de-  
sc r ibed  in the  sec t ion  o n  o p a q u e  m i n e r a l  a s s emb lages  d e m -  



Table 5. Average chemical composition of futile 

Rock Prasinites Am- 
phibolites 

n 2 4 

Eclogites and 
glaucophane schists 

3 

a b 

SiO 2 0.09___0.02 0.26-t-_0.03 
AI20 3 0.01 4-0.01 0.07+0.03 
CaO 0.78+0.21 0.27__+0.22 
TiO z 98.11_+0.52 98.51+0.46 
FeO" 1.00_0.10 0.89+_0.20 
MnO 0.0i +0.01 0.0t +__0.01 
Nb20 5 <0.01 <0.01 
Ta20 5 <0.01 <0.01 

0.10_+0.04 
0.03 4- 0.03 
0.47_+0.18 

98.73 4- 0.49 
0.68 +_ 0.06 
0.00 
0.03 _ 0.01 

<0.01 

0.07 + 0.01 
0.04 _+ 0.03 
0.29 4- 0.02 

98.54_+0.33 
1.22_+0.10 
0.02_+ 0.01 
0.06 +_ 0.02 

<0.01 

a: composition of matrix rutile 
b : composition of "armoured" relictic ruffle 
n: number of analyzed samples 

" Total iron as FeO 
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onstrates progressive chemical adjustment  of  the F e - T i  
oxides to decreasing P -  T condit ions during the late stages 
of  alpine metamorphism.  Opaque  oxide assemblages related 
to the eoalpine high pressure metamorphic  stage have there- 
by been largely obli terated.  In eclogites rutile, i lmenite and 
magneti te  of  this stage have been preserved as a rmoured  
relics in the cores of  garnet  and kyanite idioblasts.  These 
rutiles show a much higher Fe  content  than those present 
in the matrix.  Relict opaque minerals in the metabasi tes 
of  the Glockner  nappe  consist of  rounded,  hematite-free 
ilmenites or, more commonly,  are represented by oxidized 
i lmeno-hemati te  in coronar  textures. These oxides are also 
enclosed by fine-grained magneti te  idioblasts.  Late magne- 
tite which was formed through the re t rograde break-down 
of  garnet  has a very low Ti content as compared  with an 
older magneti te  generation containing a low but  distinct 
ulv6spinel component .  Late hemati te is clearly distinguish- 
able from i lmeno-hemati te  of  a higher temperature  stage 
because of  its mineral  textures, chemical homogeneity,  as 
well as near absence of  inclusions and exsolution features. 
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An important criterion to prove metamorphic equilibri- 
um is the detection of regular partitioning of minor ele- 
ments between coexisting minerals. The well defined pat- 
terns found for the distribution of Mn and Mg between 
coexisting F e - T i  phases demonstrate chemical equilibra- 
tion and considerable element fractionation (Fig. 10a). Mn 
is enriched in the ilmenite solid solution (KD=Mnhe/ 
Mnilm= 0.5), whereas Mg with the exception of one sample 
has a higher concentration in the ilmenite component of 
the hematite solid solution (K D = 1.7). The ilmenite-hematite 
pairs of amphibolitic and eclogitic rocks clearly plot on 
the same distribution curve. No data are available for the 
prasinites. The Mn-distribution coefficient for coexisting 
magnetite-ilmenite pairs (K D = Mnmt/Mn ~m < 0.1) corre- 
sponds to those reported by Haapala and Ojanper/i (1972). 

The good correlations between the V-contents of coex- 
isting magnetite, ilmenite and hematite also indicate a near 
to complete attainment of equilibrium distributions 
(Fig. 10 b). The distribution of V between coexisting magne- 
tite and hematite shows two trends. The magnetite-hematite 
pairs of the prasinites and the diaphthoritic eclogites can 
be related to an average K o of 0.75. The distribution data 
for the mineral pairs from the amphibolites and eclogites 
form a wide band of values with a considerably lower aver- 
age K D of approximately 0.2. This indicates, that the V- 
distribution between the coexisting phases hematite, ilmen- 
ite and magnetite is related to temperature and potentially 
could be used as a geothermometer. A1 shows a similar 
but less pronounced distribution. The cation-distributions 
between the F e - T i  oxides in the amphibolitic and weakly 
altered eclogitic metabasites obviously reflect comparable 
temperatures of equilibration. 

Thermometry and oxygen-barometry of  the F e -  Ti oxides 

The partitioning data discussed in the previous section indi- 
cate that the compositions of the coexisting F e -  Ti phases 
represent chemical equilibrium. In this case, T - f O 2  data 
can be calculated by means of thermodynamic models, thus 
elucidating the temperature and stage of equilibration of 
hematite-ilmenite pairs in the assemblage with magnetite 
(Buddington and Lindsley 1964; Powell and Powell 1977; 
Spencer and Lindsley 1981). The model calculations were 
carried out using the bulk compositions of the complexly 
exsolved coexisting ilmenite and hematite (original data are 
obtainable on request from the authors). The temperature 
data calculated with the Spencer and Lindsley model are 
higher by 120-150 ~ C than those obtained by applying the 
calculation method of Powell and Powell (1977), and the 
oxygen fugacities obtained from the two methods differ 
by as much as 10 - 6  atm. The T - - f O  2 data of the oxide 
parageneses determined after Powell and Powell (1977) 
scatter around the magnetite/hematite buffer curve for the 
pure F e - - T i - - O  system and sometimes indicate equilibra- 
tion at even higher oxygen fugacity. In contrast, the T-- fO 2 
data derived from the Spencer and Lindsley model fall into 
the T - f O  2 stability field of the assemblage magnetite + 
quartz. Since the natural hematites contain A1203 ,  and 
V20 3 in addition to exsolved ilmenite, the Fe3+-activity 
will be lowered and the magnetite/hematite equilibrium 
should shift to lower oxygen fugacities. Therefore the data 
obtained from the Spencer and Lindsley model are consid- 
ered to be more reliable. 

The calculated buffer curves for the system F e O -  

F e 2 0 3  - T i O  2 (Fig. 11) based on Eugster and Wones (1962) 
and Huebner and Sato (1970) are only slightly pressure 
dependent between 4 and 8 kbars. In addition, the experi- 
mental studies of Lindh (1972) also show that between 0.5 
and 2.0 kbars the pressure dependence of solid solutions 
in this system is relatively small. Consequently, this variable 
can be neglected in further considerations. 

The model temperatures obtained for the oxide assem- 
blages of this study range between 380 and 620 ~ C (Fig. 11), 
and the higher values are relatively close to the temperature 
estimate of 550+50~ derived from the silicate assem- 
blages (Raith et al. 1980). Temperatures and oxygen fugaci- 
ties indicate, that the ilmenite-hematite pairs of the metaba- 
sites equilibrated in a T - J O  2 field between the Ni/NiO 
and Fe304/Fe20 3 buffer curves. A distinct accumulation 
of the data points is found near the Fe304/Fe20 3 and 
MnO/Mn30 ~ buffer curves (Fig. 11). One unique diaph- 
thoritic eclogite sample (22) contains the strongly oxidized 
assemblage magnetite and ilmeno-hematite. The hemo-il- 
menites in this assemblage appear to be armoured relics 
within ilmeno-hematite and do not coexist with magnetite. 
Strongly reduced F e - T i  oxide assemblages that plot in 
the T--j"O 2 region between the Ni/NiO and Fe2SiO4/ 
Fe3OjSiO 2 buffers which were described by Oliver (1978) 
for amphibolitic and granulitic gneisses have not been 
found in this set of samples. 

Metamorphic subsolidus miscibilities in the natural system 
ilmenite - hematite 

The thermo-barometric data discussed in the previous sec- 
tion can be used to compare the shape and position of 
the natural ilmenite-hematite solvus with experimental stu- 
dies of this solvus. The compositions of the rhombohedral 
phases coexisting with magnetite-ulv6spinel have been stud- 
ied at temperatures between 300 ~ and 720 ~ C by Carmichael 
(1961), Kretschmar and McNutt (1971), Matsuoka (1971), 
Lindh (1972), Lindsley (1973), and Lindsley and Lindh 
(1974). The experimental difficulties have been critically dis- 
cussed by these authors, and so far reversible experiments 
to determine the ilmenite-hematite solvus have not been 
successful. The solvi from Lindh (1972) and Lindsley (1973) 
should therefore be treated with caution. 

The bulk compositions of coexisting ilmenite and hema- 
tite from the metabasites studied here are presented in a 
T-x diagram (Fig. 12), using the temperature data calcu- 
lated with the model of Spencer and Lindsley (1981). A 
comparison of our own data with that of  the experimental 
solvi is restricted to the shape of the miscibility gap and 
not to the absolute temperature values because of possible 
errors in the determination of the bulk compositions and 
the insufficient knowledge of the influence of the minor 
elements Mg, A1, V, Cr, and Ni on the position of the 
solvus. In addition, since the T--fO2 data obtained for the 
natural assemblages depend on the calculation methods 
and/or models applied, they can only be considered as first 
approximations. 

The compositions of the hematite solid solutions are 
represented by a curve, the gradient of which corresponds 
closely to that of the experimentally derived solvus. Only 
the hematite from sample 34, which clearly shows disequi- 
librium oxide textures (see discussion above), deviates from 
the experimental solvus (ca. 5 mo1.% ilmenite component). 
The hematite with 38 mol.% ilmenite component in the 
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Fig. 11. T-- fO  2 diagram of ilmenite-hematite pairs coexisting with 
magnetite. Buffer curves according to Eugster and Wones (1962) 
and Huebner and Sato (1970): M H -  FeaO,jFe203, MN-- MnO/ 
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Fig. 12. T - - x  diagram for the system hematite-ilmenite. The bulk 
compositions of the hematite and ilmenite phases represented, in- 
clude the minor elements V, A1, Cr, Mn, Mg and Ni. Solvi accord- 
ing to Lindh (1972) and Lindsley (1973), temperatures for the natu- 
ral phases calculated after Spencer and Lindsley (1981) 

garnet amphibolite 33 is assigned to the maximum tempera- 
ture assemblage. The ilmeno-hematites coexisting with mag- 
netite in the eclogites 24, 19, 18 are also included in the 
diagram, although no independent coexisting ilmenite solid 
solutions were observed. Ilmenite relics in these samples 
have only been preserved as inclusions in sphene together 
with hematite-rutile intergrowths. As complex solid solu- 
tions the hematites of these assemblages still contain a 
buffer controlled, temperature dependent ilmenite compo- 
nent, and it is assumed that magnetite participates in the 
buffer equilibrium. 

The solvus of the ilmenite solid solutions resembles the 
Lindh-solvus, but is shifted to higher ilmenite content. The 
amphibolite 33 and glaucophanitic eclogite 17 most likely 
contain two different hemo-ilmenite generations: a high 
temperature ilmenite generation (I: 620 ~ C/metabasite 33; 
550 ~ C/eclogite 17) and a separate second generation (II: 
490 ~ C and 470 ~ C resp.) coexisting with hematite. Ilmenites 
from the metabasites 21 and 43 occur in the hematite-free 
assemblages with rutile and magnetite, indicating formation 
at low fO2-values within the area defined by the Ni/NiO 
and MnO/MnaO 4 buffers (Fig. 11). The self-buffering effect 
of this paragenesis in the pure system F e O - F e 2 0  3 - T i O  2 
has been proved by Lindsley and Lindh (1974). 

Conclusions 

The results of the thermometry and oxygen barometry on 
the F e - T i  oxides from the prograde metabasite series im- 
ply an unexpectedly large T - f O  2 stability field. This sug- 
gests that the natural ilmenite-hematite pairs react sensi- 
tively to T - f O  2 changes by a varying rate of exsolution 
in the respective rhombohedral phases. Oxides in the am- 
phibolitic and eclogitic rocks probably equilibrated in three 
different stages: 
(1) Re-equilibration at conditions of the low-grade amphib- 
olite facies (<550 ~ C) leads to the formation of complex 
intergrowths of ilmenite-hematite solid solutions (e.g. meta- 
basite 17 and 33, cf. Fig. 4a). Suitable mineral sections show 
typical sandwich-shaped structures built up of ilmenite and 
hematite layers being bimodally exsolved (Fig. 4 c). 
(2) With decreasing temperature (500450 ~ C) the com- 
plexly exsolved ilmenite begins to equilibrate following the 
reaction scheme : 

hemo-ilmenite a --, ferrianilmenite 2 

(4FeTiO3+2Fe203) (3FeTiO a+Fe203)  

+ magnetite + futile 

Fe30 4 TiO 2 

This decomposition runs at constant oxygen fugacities (cf. 
metabasite 331/33II and 171/17II, Fig. 11) and corresponds 
to a low-grade oxidation of the primary ilmenite. Similarly, 
the coexisting ilmeno-hematite 1 is subjected to a "refining" 
process, in the course of which lath-shaped rutile and mag- 
netite component are formed: 

ilmeno-hematitel ~ titanhematite 2 
(4Fe20 3 + 2FeTiO3) (3Fe20 3 + FeTiO 3) 

+ futile + magnetite. 
TiO 2 Fe304 
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(3) At conditions of the lower greenschist facies ( <  450 ~ C) 
metamorphic disequilibria are commonly observed, as e.g. 
hemo-ilmenite or i lmeno-hematite relics within younger 
sphene overgrowths (eclogite 20). Retrograde alteration of 
the eclogitic and medium-grade metabasites leads to re- 
newed equilibration. Under  oxidizing conditions assem- 
blages that are composed of idiomorphic magnetite in con- 
tact with t i tanhematite and hematite-ruffle intergrowths 
(Fig. 4d, diaphthoritic eclogite 19) are formed, suggesting 
the following schematic reaction: 

ferrianilmenite 2 + oxygen 

(3FeTiO3 + Fe203) 1 /20  2 

magnetite + hematite + ruffle. 

Fe304 Fe203 3TiO 2 

Intense diaphthoresis of the prasinitic rocks gives rise 
to hematite-rutile intergrowths, which in part  replace ilmen- 
ite by the reaction: 

ferrianilmenite 2 + oxygen 

(3FeTiO3 + Fe203) 3 /40  2 

hematite-rutile pseudomorphs .  

21/2Fe203 + 3TiO 2 

This low-grade oxidation leads to the final refinement of 
t i tanhematite 2 through exsolution of minor  and minute  la- 
mellae of futile according to the reaction: 

t i tanhematite 2 + 1/402 ~ hematite + rut i le .  

(3Fe20 3 + F e T i O  3) 31/2Fe203 TiO 2 
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