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Abstract The exchange equilibrium

1=3Fe3Al2Si3O12 �MnTiO3 � 1=3Mn3Al2Si3O12 � FeTiO3

almandine pyrophanite spessartine ilmenite

was studied by reversal experiments as a function of
temperature (650 £ T £ 1000 °C), pressure (10 £ P £ 20
kbar), and chemical composition. Experiments were
performed in a piston-cylinder apparatus using starting
mixtures consisting of 95% garnet and 5% ilmenite. At
the lower temperatures, 3±5% PbO ¯ux was added to
the reactants. The PbO was reduced to metallic lead by
the graphite of the capsules. The EMP analysis shows
that ilmenite is essentially a solid solution of FeTiO3 and
MnTiO3 with up to 4.5 mol% Fe2O3 (for Fe-rich com-
positions). Garnet is compositionally close to (Fe,Mn)3
Al2Si3O12 but apparently contains up to 1.0 wt% TiO2.
As garnet was usually analyzed within 5±15 lm distance
from ilmenite grains, the Ti measured in garnet appears
to be largely an analytical artifact (due to secondary
¯uorescence). This was con®rmed by analyzing pro®les
across a couple constructed from ilmenite and Ti-free
garnet. The more than 100 exchange runs indicate that
the distribution coe�cient KD

�� �X gnt
Mn � X ilm

Fe �=�X gnt
Fe � X ilm

Mn�� is essentially independent
of P and decreases with T. With a few exceptions at Mn-
rich compositions, the present results are consistent with
previous studies on the Fe-Mn partitioning between
garnet and ilmenite. Contrary to previous studies,
however, the narrow experimental brackets obtained
during the present calibration constrain that, at constant
T, KD is larger for Mn-rich compositions than for Fe-

rich ones. This compositional dependence of KD will
complicate garnet-ilmenite geothermometry. Mutually
consistent activity models for Fe-Mn garnet and ilme-
nite, based on a thermodynamic analysis of the present
results and other phase equilibria studies in the system
Fe-MnO-Al2O3-TiO2-SiO2-O2, will be presented in a
following contribution (M. Engi and A. Feenstra, in
preparation).

Introduction

Garnet occurs as a rock-forming mineral over a wide
range of metamorphic grades and magmatic conditions
and therefore is one of the most important phases used
in petrogenetic calculations (see e.g., reviews of Essene,
1989, and Spear, 1993). In a vast majority of bulk
compositions, the chemical composition of garnet can be
approximated in the quaternary system Fe3Al2Si3O12-
Mg2Al2Si3O12-Mn3Al2Si3O12-Ca3Al2Si3O12 (almandine±
pyrope±spessartine±grossular). To obtain accurate
geothermobarometric results from phase equilibria in-
volving multicomponent garnet, solution properties de-
rived from experimental work are a prerequisite. Most
of these experimental activity-composition (a-X) studies
have been restricted to binary garnet joins (e.g., Fe-Mg:
Geiger et al. 1987; Hackler and Wood 1989; Koziol and
Bohlen 1992; Fe-Mn: Pownceby et al. 1987; Fe-Ca:
Geiger et al. 1987; Koziol 1990; Ca-Mn: Koziol 1990;
Gavrieli et al. 1996; Mn-Mg: Wood et al. 1994). Some
experiments also involved ternary solutions of Fe-Mg-
Ca garnets (Koziol and Newton 1989; Berman and
Koziol 1991; Ganguly et al. 1996), Fe-Mn-Ca garnets
(Pownceby et al. 1991) and Mg-Mn-Ca garnets (Gang-
uly et al. 1996). Recently, limited experimental work on
Fe-Mg-Mn-Ca garnets has been conducted by Koziol
(1996) and Ganguly et al. (1996). These ternary and
quarternary experimental data provide an important test
for the current solution models for Fe-Mg-Mn-Ca gar-
net (e.g., Ganguly and Saxena 1984; Berman 1990),
which are mainly based on the binary experimental data.
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Garnet shows pronounced cation fractionation with
many silicate and oxide phases. Of these the Fe-Mg
fractionation with biotite, ®rst calibrated by Ferry and
Spear (1978), is probably the most widely used geo-
thermometer. In metamorphic and magmatic rocks,
garnet and ilmenite are the most common phases to
concentrate Mn. The Fe-Mn partitioning between
these phases may be expressed by the exchange equi-
librium

1=3Fe3Al2Si3O12 �MnTiO3 � 1=3Mn3Al2Si3O12 � FeTiO3

almandine pyrophanite spessartine ilmenite

The temperature dependence of the K
Dgntÿilm

MnÿFe
�� �X gnt

Mn � X ilm
Fe �

=�X gnt
Fe � X ilm

Mn�� was ®rst recognized to have potential as a
geothermometer in studies of metapelitic assemblages
(e.g., Tracy et al. 1976; Woodsworth 1977; Tracy 1982).
Docka (1984) presented a preliminary empirical ther-
mometric calibration of the K

Dgntÿilm
MnÿFe

, based on data ob-

tained from metapelites of New England.

There are three experimental studies that aimed at
calibrating equilibrium (1) as a function of P, T and bulk
composition. Using oxide starting mixtures, Ono (1980)
obtained Fe-Mn partitioning data from synthesis ex-
periments at 950±1050 °C and 5±10 kbar. His results
show considerable scatter. Kress (1986) conducted hy-
drothermal reversal runs in the temperature range 700±
1050 °C at pressures of 10, 12 and 20 kbar, with oxygen
fugacity controlled by the IW (iron wustite)-bu�er. The
study yielded fairly wide reversals at the lower temper-
atures, particularly for Mn-rich bulk compositions. The
most extensive study on Fe-Mn partitioning between
garnet and ilmenite so far was by Pownceby et al. (1987),
who hydrothermally reversed the Fe-Mn partitioning for
®ve di�erent garnet compositions at temperatures of
600±900 °C and pressures of 2 and 5 kbar. Oxygen fu-
gacity was controlled at values of the QFM (quartz
magnetite fayalite)-bu�er by means of a modi®ed Shaw
membrane technique. Pownceby et al. (1987) ®tted their
Fe-Mn partitioning data by least squares regression to
derive W G

FeÿMn � 0.9 � 1.2 kJ/mol for garnet (regular
solution model), implying very minor positive deviation
from ideality along the almandine±spessartine join. The
W G
FeÿMn for garnet was obtained substituting W G

FeÿMn �
1.7 � 0.2 kJ/mol for Fe-Mn ilmenite, a value derived
from emf measurements on the assemblage Fe-Mn il-
menite + rutile + metallic iron. Though not explicitly
stated in their paper, Pownceby et al. (1987) interpreted
their partitioning data to indicate that K

Dgntÿilm
MnÿFe

is inde-

pendent of composition at constant T (see their Figs. 2
and 3). In a subsequent study, Pownceby et al. (1991)
investigated the e�ect of calcium on the Fe-Mn parti-
tioning between garnet and ilmenite, using starting
material consisting of crystallized Fe-Mn ilmenite and
Ca-Fe-Mn garnet oxide mixtures seeded with Fe-Mn
garnet. From the partitioning data they deduced for

garnet W G
FeÿMn � 0.62 � 0.20 kJ/cation-mol. Recently,

the W G
FeÿMn of garnet was slightly modi®ed to 539 J/

cation-mol (Ganguly et al. 1996).
Although the above experimental studies all agree

that K
Dgntÿilm

MnÿFe
decreases with temperature and is essen-

tially independent of pressure, several discrepancies exist
amongst the studies. As outlined by Pownceby et al.
(1987; their Fig. 3), the variation of K

Dgntÿilm
MnÿFe

with tem-

perature (without considering compositional depen-
dence of KD) as deduced from their partitioning
experiments di�ers markedly from that given by Kress
(1986). This di�erence may in part be related to two
facts: (1) many reversals, particularly for Mn-rich bulk
compositions, are fairly wide, preventing a precise de-
termination of KD as a function of T and composition;
(2) Kress (1986) did not analyze garnet in his products,
whereas Pownceby et al. (1987) failed to analyze them in
their starting materials, so that in both cases the direc-
tion of reaction is uncertain for runs with minor com-
positional changes of ilmenite and garnet. Pownceby
et al. (1987) also noted that for greenschist- to am-
phibolite-grade rocks, temperatures deduced from their
Fe-Mn garnet-ilmenite thermometer, tend to be 30±
150 °C higher than obtained with other phase equilibria
and thermometers, particularly with the Fe-Mg garnet-
biotite thermometer.

The main experimental goal of the present study was
to reverse equilibrium (1) over the entire compositional
range of the system, and in part at higher pressures and
temperatures than in previous studies. Special attention
was given to careful chemical characterization of the
starting and ®nal products by electron microprobe
(EMP) analysis guided by back-scattered electron (BSE)
imaging. The present paper describes the experimental
approach used, the chemistry of garnet and ilmenite of
the run products, and compares the experimental results
with those of previous studies on Fe-Mn partitioning
between garnet and ilmenite.

In a following paper (M. Engi and A. Feenstra, in
preparation), mutually compatible activity models for
Fe-Mn garnet and Fe-Mn ilmenite will be presented.
These activity models have been derived from a detailed
thermodynamic analysis in the subsystem Fe-MnO-
Al2O3-TiO2-SiO2-O2, which not only considered the re-
sults of the present study but notably included the data
of Pownceby et al. (1987) for Fe-Mn garnet-ilmenite
partitioning and Feenstra and Peters (1996) for the re-
dox equilibrium Fe + TiO2 + 1/2 O2 � Fe-Mn ilme-
nite. Furthermore, the data analysis was anchored to an
update of Berman's thermodynamic database (Berman
and Aranovich 1996), yielding solution model parame-
ters for Fe-Mn garnet and Fe-Mn ilmenite (as well as
standard state thermodynamic properties for spessartine
and pyrophanite) that are internally consistent with that
multicomponent database.
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Experimental

Synthesis of starting materials

Garnet synthesis from oxide mixtures is hampered by the slow
kinetics of garnet growth. The Fe-Mn garnets were therefore syn-
thesized in two steps following the procedure proposed by Bohlen
et al. (1983). First, glass of several stoichiometric garnet composi-
tions was prepared by melting specpure oxide mixes of MnO2,
Fe2O3, Al2O3 and SiO2 in thick-walled graphite crucibles with
tightly ®tting lids, at temperatures in the range 1370±1425 °C. To
avoid oxidation of the graphite crucible, the furnace was ¯ooded
with Ar gas. We attempted to produce light-green (Fe-rich com-
positions) or colorless glasses by using reduction times slightly
shorter than those at which metallic Fe crystallized from the melt.
Glasses of the proper color were ®nely ground and tightly packed
in graphite capsules (�300 mg) and run in a piston-cylinder ap-
paratus at 920±1000 °C and 20 kbar for 4±8 days. A total of 25 Fe±
Mn garnet synthesis runs were carried out to obtain su�cient
garnet for the exchange experiments with Fe-Mn ilmenite. Inv-
estigations of the charges by microscopy, X-ray di�raction (XRD)
and electron microprobe (EMP) indicate that the runs yielded
>99% garnet of fairly homogeneous composition (cf., Table 1).
Garnet only occasionally contains minor inclusions of quartz,
corundum or spinel. A few garnet syntheses showing relatively
large variations in XMn were rejected for usage in exchange ex-
periments with ilmenite. Cation normalization of the EMP data
and MoÈ ssbauer spectroscopy point to very minor ferric iron in the
garnets (Geiger and Feenstra 1993, 1997). Molar volume of mixing
data for the almandine±spessartine join derived from the present
syntheses (Geiger and Feenstra 1997) indicate a small positive ex-
cess volume for the solution, which can be described by a sym-
metric (Margules) model with Wv � 0.024 (�0.005) J/(bar á mol).

The Fe-Mn ilmenites were synthesized from oxide mixtures at
1 bar, 900 °C and logfO2

� )17.50 in a gas-mixing furnace
equipped with an oxygen-speci®c electrolyte (Feenstra and Peters
1996). These synthesis conditions yielded binary FeTiO3-MnTiO3

solid solutions.

Fe-Mn exchange between garnet and ilmenite

Exchange experiments were conducted in a conventional piston-
cylinder apparatus (Johannes 1978) using a half-inch furnace as-
sembly. The pressure cell consisted of concentric tubes of
pyrophyllite, graphite (furnace) and talc. Garnet-ilmenite mixtures
were packed into cylindrical graphite capsules (5 mm length, 3 mm
OD, 2 mm ID). Three capsules, each ®lled with �40 mg of reac-
tants, were placed in the inner talc cylinder of the furnace assembly
in a symmetric way around an axial thermocouple, the end of
which is situated at half-height of the capsules. Temperature as
measured and controlled by the Pt-Pt90Rh10 thermocouple is be-
lieved to be accurate to �5 °C. No correction was made for the
e�ect of pressure on the emf of the thermocouple. The experiments
were performed using the piston-in technique. Samples were
brought to pressures �10% below the ®nal values and then slowly
heated to the required temperatures. Pressure increased during this
period of heating, but an additional small piston stroke was always
necessary to reach the required ®nal pressure. Pressures listed in
Table 1 are not corrected for instrumental friction e�ects.

Experiments were performed at 650 °C (19±41 days), 700 °C
(13±38 days), 800 °C (8±18 days), 900 °C (4±12 days) and 1000 °C
(£9 days) at pressures of 10 and 20 kbar (Table 1). The in¯uence of
composition on KD was studied by performing isothermal reversal
runs for 5±6 di�erent garnet compositions. As Fe-rich garnet is
more common in nature than Mn-rich varieties, the Fe-side of the
system was somewhat emphasized in the experimental investigat-
ion.

A general problem encountered in experimental studies in-
volving garnet is the slow rate of cation di�usion in garnet at
temperatures <900 °C (Elphick et al. 1985; Chakraborty and

Ganguly 1991). Several workers (e.g. Ferry and Spear 1978; Pow-
nceby et al. 1987) circumrouted this problem by using large pro-
portions of garnet relative to the other phase participating in the
exchange equilibrium. The bulk composition is then dominated by
garnet, and its compositional change in the course of a run is small.
The same approach has been adopted here, in that most starting
mixtures consisted of 95 wt% garnet and 5 wt% ilmenite (see Ta-
ble 1 for other mixtures).

Initial experiments at 650 °C and 10 kbar showed that reaction
is very minor or not demonstrable at these conditions after run
times of three weeks. To promote reaction, 3±10 wt% PbO was
added as a ¯ux to the charges at 650 and 700 °C. The PbO was also
added to some 800 and 900 °C runs (see Table 1). The oxygen
fugacity of the Pb-PbO equilibrium is at slightly lower values than
that of the magnetite-hematite bu�er (Bannister 1984). Hence PbO
was reduced to metallic Pb by the graphite capsule during the ex-
periment. This reduction is visible in the run products as an in-
tergranular Pb ®lm and as small Pb blebs (Fig. 3a±c).

Product characterization

Run products were analyzed by electron microprobe (EMP) using
wavelength-dispersive analysis mode. Operation conditions were
15 kV accelerating potential, 20 nA beam current and a beam di-
ameter of �1 lm. Counting times of 30±60 seconds were used for
Fe, Mn, Al and Si. Titanium was commonly measured during
60 seconds. Standards used included synthetic ilmenite (Fe, Ti),
pyrophanite (Mn, Ti), spessartine (Mn, Al, Si), almandine (Fe, Si,
Al), rutile (Ti) and natural garnet (Si, Al). Full ZAF corrections
were applied to the spectrometer data. The quality and reproduc-
ibility of the analyses were monitored by including well-known
standards (Fe-Mn ilmenites, garnets, fayalite, tephroite) in the
analysis sessions and by regular reanalysis of starting ilmenites and
garnets in the same sessions during which the ®nal compositions of
the runs were measured. This careful analytical approach was
particularly applied in cases where ilmenite composition had
changed little during the experiment.

As the products of the dry and PbO-¯ux exchange experiments
at 800±1000 °C consist of a compact garnet-ilmenite mass that can
be mounted in epoxy and polished as a whole (Fig. 3), ilmenite and
garnet were analyzed at close proximity to each other. Spot ana-
lyses in both phases were taken 10±30 lm apart. Using back-
scattered electron (BSE) imaging mode, 10 to 30 spots in garnet
and ilmenite were commonly selected for analysis in each run.
Average garnet and ilmenite compositions are listed in Table 1. For
650 and 700 °C experiments, it was not always possible to analyze
garnet and ilmenite in contact, as the run products tended to break
apart into individual grains during mounting and polishing. In the
course of the study, we learnt to preserve the original grain texture
largely, by impregnating the run products with epoxy before pol-
ishing.

Results

Mineral chemistry of ilmenite and garnet

Whereas starting ilmenites were binary FeTiO3±MnTiO3

solid solutions, ®nal ilmenite may contain up to
4.5 mol% hematite component in solid solution
(Fig. 1c). The ferric iron content of ilmenite was calcu-
lated from ideal stoichiometry, assuming 2 cations and 3
oxygens per structural formula and considering the
components FeTiO3, MnTiO3, FeSiO3, Fe2O3 and
Al2O3. Figure 1c shows that the hematite contents of
ilmenite tend to decrease with XMn for 800±1000 °C
runs. Ilmenite from 650 and 700 °C runs does not clearly
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display such a relationship and is characterized by
hematite contents of <2.6 mol%.

Ilmenite contains <0.30 wt% SiO2 and <0.67 wt%
Al2O3 (Fig. 1a, b). The Al2O3 contents increase with
temperature: at 650 and 700 °C ilmenite contains no
detectable Al2O3 (�0.02 wt%); at 800 °C Al2O3 is <0.15
wt% (XAl £ 0.002). At 900 and 1000 °C, the Al2O3

contents of ilmenite range up to 0.30 wt% (XAl £ 0.005)
and 0.67 wt% (XAl £ 0.008), respectively (Fig. 1b;
Table 1). The very minor SiO2 contents of ilmenite show
a tendency to increase slightly with temperature
(Fig. 1a).

Garnet analyses were normalized to 12 oxygens, as-
suming all iron is ferrous. Calculated formulae are very
close to VIII(Fe2+,Mn)3

VIAl2
IV(Si,Al)3O12 stoichiometry

(Fig. 2b), pointing to negligible ferric iron in garnet.
This ®ts in with the low hematite contents of coexisting
ilmenite and indicates fairly low oxygen fugacities pre-
vailing during the exchange experiments. The Si con-
tents of garnet range from 2.90 to 3.04 atoms per
formula unit (pfu), with most garnets showing slight
de®ciencies in silica (Fig. 2a). This may be related to the
fact that garnet did not coexist with quartz in our ex-
periments, although slight Si-de®ciencies are not un-
usual for natural aluminosilicate garnet saturated in
SiO2 either. The TiO2 in garnet is below or near detec-
tion limit in the 650 °C runs and increases with tem-
perature to as much as 1.0 wt% TiO2 in the 1000 °C
runs. As will be discussed in a subsequent section, the
TiO2 contents of garnet measured near ilmenite are
largely an analytical artifact, resulting from secondary
¯uorescence e�ects.

Chemical homogeneity of run products

To test for chemical zoning in ilmenite and garnet, tra-
verses across ilmenite grains and adjacent garnets (up to
300 lm long) were measured in 10 runs by EMP step
scans. Representative compositional pro®les are shown
for each experimental temperature in Fig. 4. Ilmenite is
unzoned at all experimental conditions. Garnet is zoned
only with respect to Ti, with the (apparent) TiO2 con-
tents clearly increasing towards ilmenite contacts. Such a
zoning pattern was observed in all runs studied; its sig-
ni®cance is discussed below.

In some parts of the garnet pro®les, erratically high
TiO2 values were measured, particularly at the higher
temperatures (Fig. 4d and f). These higher values are
ascribed to submicroscopic ilmenite (or rutile) inclusions
(partly occurring below the polished surface) which were
included in the garnet analyses.

Ti-zoning of garnet: predominantly an
analytical artifact

The possibility that the titanium zoning displayed by
garnet in contact with ilmenite is caused by edge or
secondary ¯uorescence e�ects should be considered (e.g.,
Maaskant and Kaper 1991; Reed 1993; Dalton and Lane
1996). To test for this, a garnet-ilmenite couple was
constructed. Polished surfaces of garnet (XMn � 0.124)
and ilmenite (XMn � 0.020) chips, both mounted in
epoxy, were glued together, with �1 lm gap between the
phases. Several traverses (up to 140 lm long) were
measured across the interface, at analytical conditions
identical to those applied analyzing the run products.
Titanium was measured using a PET crystal on a spec-
trometer with a take-o� angle of 40°. A step size of 1 lm
was used for the traverses.

Fig. 1a±c Chemical variation of ilmenite in exchange runs. Symbols
represent averages of probe analyses for each experiment (cf.,
Table 1): a SiO2 versus XMn; b Al2O3 versus XMn. Inset shows trends
at 800, 900 and 1000 °C. Al2O3 in ilmenite was below detection limit
for 650 and 700 °C runs. c Hematite contents versus XMn. The inset
shows isothermal trends
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A representative traverse across the garnet-ilmenite
couple (Fig. 5) illustrates that garnet, which contains no
titanium, has an apparent Ti content up to a distance of
�50 lm away from the interface. Zoning for other ele-
ments was not found in any traverse, neither in garnet
nor ilmenite. The slight decrease for all major elements
in garnet at the interface is interpreted to result from the
fact that here the beam excitation volume is partly in the
�1 lm wide interface gap. The apparent TiO2 contents
in the garnet 10 lm from the interface are �0.45 wt%,
�0.20 wt% at 20 lm, then the Ti-counts gradually drop
to the detection limit (�0.05 wt%) at �50 lm.

The highest Ti concentrations in garnet, within a few
microns from ilmenite, are likely due to a combination
of edge e�ects and secondary ¯uorescence. The former
are related to the fact that the volume excited by the
electron beam is still partly inside ilmenite, where pri-
mary Ti-Ka radiation is generated. The latter e�ect is
predominantly due to Ti-Ka ¯uorescence generated by
Fe-Ka (and Mn-Ka) radiation in garnet. This is not
corrected for by the ZAF program. At the applied
experimental conditions (15 kV, 20 nA beam current),

the beam interaction volume should be exclusively
within one phase for a distance of >3±4 lm from the
interface (e.g. Ganguly et al. 1988; Reed 1993).
Therefore, the Ti-zoning pattern in garnet beyond that
range must be a consequence of secondary ¯uorescence.
Maaskant and Kaper (1991) describe similar e�ects in
the analysis of ilmenite-hematite pairs and Dalton and
Lane (1996) in the analysis of olivine in contact with
Ca-rich phases. These workers pointed out that sec-
ondary ¯uorescence may lead to erroneous thermo-
barometric results.

The apparent Ti-zoning pattern in garnet of the
garnet-ilmenite couple is very similar to the patterns
measured in run products (cf. Fig. 4), though more ir-
regular in the latter. This is probably a consequence of
the less regular interface geometry (in 3D) between il-
menite and garnet. Some of the ¯atter Ti-zoning pat-
terns may indicate a true TiO2 content in garnet near
ilmenite, but the apparent TiO2 content still includes a
superimposed portion due to ¯uorescence. Inspection of
Fig. 4 shows that titanium in garnet does not decrease
below detection limit in any of the traverses studied,

Fig. 2a±b Chemical variation
of garnet in exchange runs.
Symbols represent averages of
spot analyses for each experi-
ment largely performed some 5±
10 microns from grain contact
with ilmenite (cf., Table 1). For
650 and 700 °C runs it was not
always possible to measure
garnet in close distance from
ilmenite (see text). Total iron is
expressed as ferrous. a Si versus
XMn; b Molar Fe2+-Mn-VIAl
diagram. (VIAl total
Al + Si ) 3.0 for Si < 3.0,
VIAl total Al for Si ³ 3.0)
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even though some analyzed spots are >50 lm away
from ilmenite. However, these observations are di�cult
to interpret because the Ti patterns may re¯ect ilmenite
grains that lay below or above the polished surface. The
unknown geometry of the ilmenite-garnet grain bound-
aries, together with the fact that the in¯uence of com-
position on the intensity of secondary ¯uorescence (cf.
Dalton and Lane 1996) cannot be evaluated because
only one (Fe-rich) garnet-ilmenite couple was studied,
hamper successful discrimination between Ti occurring
in the garnet lattice and apparent Ti content.

In summary, our data suggest that the Ti-zoning
patterns measured in garnet of the run products are
predominantly arti®cial, a consequence of secondary Ti
¯uorescence in ilmenite. There is a tendency for the
average Ti content (typically measured at 5±15 lm
distance from ilmenite) to increase with temperature.
For the high-T runs the ¯uorescence-induced Ti-counts
in garnet may be superimposed on true Ti contents
established by di�usion during the experiments. On the
basis of all the analytical work done in this study, the
true TiO2 contents of garnet are estimated to be <0.4
wt% even at 1000 °C, and probably <0.2 wt% at
800 °C.

Fe-Mn partitioning between garnet and ilmenite

As indicated by fairly narrow experimental brackets
(Fig. 6), exchange equilibrium between ilmenite and
garnet has been closely approached by most of the
800±1000 °C runs. Reversals at 650 and 700 °C (and
the most Mn-rich compositions at 800 and 900 °C) give
wider experimental brackets. We tried to reduce the
width of brackets in subsequent runs by adding 3±10
wt% PbO-¯ux to the reactants and by choosing start-
ing compositions of Fe-Mn ilmenite fairly close to the
expected equilibrium compositions (yet far enough to
permit an unambiguous determination of the reaction
direction). The EMP analysis showed that PbO in il-
menite was below detection limit (<0.10 wt%) for all
runs. Garnet of 700 and 800 °C runs is free of Pb but
garnet of the three 900 °C PbO-¯uxed runs does con-
tain up to 0.60 wt% PbO. Only in a few runs the grain
size of the ¯ux, which was reduced to metallic Pb, was
su�cient to permit EMP analysis. The results show
that the ¯ux is fairly pure Pb, with Fe+Mn <
1.50 wt%.

In some experiments at 1000 °C special problems
were encountered. These include the partial or complete
reduction of ilmenite to metallic Fe + rutile, and the
formation of small fractions of melt in runs of Fe-rich
composition. Due to the partial melting and concomi-
tant formation of Fe-Mn-Al spinel (Table 1), ilmenite
and garnet became enriched in manganese, resulting in
unreliable reversal data. The problem of ilmenite re-
duction could largely be solved by decreasing the run
times. We attempted to prevent partial melting by taking
special care to dry the reactants when ®lling the capsules
(whereas in all other cases no precaution was taken to
avoid moisture). Nevertheless, at 1000 °C and 10 kbar,

Fig. 3a±f Back-scattered electron images of garnet-ilmenite Fe-Mn
exchange experiments.Dark greymatrix is garnet,medium grey grains
are ilmenite and small white rounded grains in a, b and c are Pb-¯ux.
Capitals on photographs indicate positions of electron microprobe
traverses shown in Fig. 4. Garnet subgrains are vaguely mirrored by
dark zones (holes) due to poorer polish at grain boundaries. a Run
GP32B, 700 °C, 10 kbar, 13 days, 5% PbO ¯ux added; b run GP29A,
800 °C, 20 kbar, 18 days, 3% PbO ¯ux added; c run GP41C, 800 °C,
20 kbar, 13 days, 5% PbO ¯ux added; d run GP4B, 900 °C, 20 kbar,
9 days; e run GP21A, 900 °C, 20 kbar, 4 days; f run GP1B, 1000 °C,
20 kbar, 9 days
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the most Fe-rich compositions yielded so much melt (5±
15%) that these experiments were ignored in the data
analysis.

Discussion

Comparison with previous studies

Figure 6 compares our experimental results for equilib-
rium (1) with those of Kress (1986) and Pownceby et al.

(1987) in XMn garnet versus lnKD diagrams. Arrows
connect initial to ®nal lnKD values. Box sizes for our
data re¯ect estimated uncertainties in XMn garnet and
lnKD. These are based on 1 standard deviation in XMn

(XFe) of garnet and ilmenite as determined by EMP (cf.
Table 1), assuming a minimum uncertainty of 0.01 in
X gnt
Mn and 0.001±0.010 in X ilm

Mn (M. Engi and A. Feenstra,
in preparation). The magnitude of the latter was ap-

proximated as: 0.04 * X ilm
Mn * �1ÿ X ilm

Mn�. Box sizes in
Fig. 6 thus correspond to the 1r values of our multiple
probe data, except where this variation was less than the
minimum uncertainties quoted above, in which case
these minimum values are plotted.

Pownceby et al. (1987) did not report compositional
variation for their product ilmenite and garnet, whereas
Kress (1986) gave only compositional variation of ®nal
ilmenite. For this reason, half-brackets of both studies
are simply shown by arrows connecting initial and ®nal
lnKD. We estimate, however, that compositional un-
certainties of ®nal garnet and ilmenite in these earlier

Fig. 4a±f Electron microprobe step scans of run products at 700,
800, 900, and 1000 °C. Refer to corresponding micrographs in Fig. 3.
Horizontal scale of shorter pro®les (a, c, e) is expanded twice with
respect to longer pro®les (b, d, f). Mole fraction of Mn in garnet shows
approximately ¯at pro®les as do mole fractions of Mn and hematite in
ilmenite. Note homogeneous distribution of Al2O3 in ilmenite grains
(Al2O3 in ilmenite was below detection limit in a, b and c) and
conspicuous zoning of TiO2 in garnet close to ilmenite (discussed in
text). The scatter of TiO2 concentrations in d and f may be due to
®nely dispersed submicroscopic ilmenite grains included in the garnet
spot analyses
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studies are approximately of similar magnitude as in the
present one.

The data depicted in Fig. 6 cover a P-T range from 2±
20 kbar and 600±1000 °C. As already noted by Pow-
nceby et al. (1987), the Fe-Mn partitioning between
garnet and ilmenite is hardly dependent on pressure,
being in line with the very small DrV

0 � )0.021 J/bar of
reaction (1) (M. Engi and A. Feenstra, in preparation).
For comparative purposes in Fig. 6, the e�ect of pres-
sure on KD can be neglected for the experimental data
shown.

Ilmenite (and garnet) changed very little in compo-
sition in several of our experiments. On the basis of
compositional uncertainty for ilmenite and garnet as
discussed above, it was decided whether or not such
experiments yielded signi®cant changes in KD and hence
contribute information on the direction of reaction (cf.
Table 1). Pownceby et al. (1987) also reported several
runs with minor compositional changes. However, that
study fails to provide detailed information on compo-
sitional homogeneity of ®nal garnet and ilmenite, mak-
ing it di�cult to judge whether lnKD at the end is
signi®cantly di�erent from that at the start of the ex-
periment, the more so as starting lnKD is inexactly
known (garnet in starting mixture was assumed to be of
nominal composition). Based on our own ®ndings, we
arbitrarily decided that lnKD changes of <0.10 are in-
conclusive for the reaction direction (such runs are not
shown in Fig. 6.) A DlnKD con®dence interval of �0.10
is deemed adequate for intermediate garnet composi-
tions; for very Fe or Mn rich compositions, where lnKD

is rather sensitive to small changes in ilmenite and garnet
composition, larger lnKD changes may be required to
determine unambiguously the direction of reaction (cf.
our data in Fig. 6).

Inspection of Fig. 6 shows that, taking into account
uncertainties in lnKD, virtually all our results are in
agreement with the previous studies of Kress (1986) and
Pownceby et al. (1987). It is obvious, however, that we
were able to constrain lnKD more tightly than in the
previous studies, particularly for Mn-rich compositions.
It is also clear that, contrary to Pownceby et al. (1987),
who have interpreted lnKD to be independent of com-
position, our brackets indicate that lnKD is signi®cantly
larger for Mn-rich garnets than for Fe-rich ones. This
compositional dependence of lnKD seems to exist at all
experimental temperatures. Furthermore, Fig. 6 pro-
vides evidence that for Fe-rich compositions lnKD may
be less dependent on temperature than Pownceby et al.
(1987) had assumed.

Three half-brackets of Kress (1986) for Mn-rich
compositions at 900 °C (marked by asterisks in Fig. 6b)
are clearly inconsistent with the other data. Kress (1986)
reports much higher hematite contents of ilmenite (5.8±
10.6 mole% Fe2O3 for his 900 °C runs) than would be
expected at the conditions of his experiments (fO2

was
bu�ered by IW). We suggest that such oxidized ilmenite
compositions may be an artifact due to inaccurate EMP
analysis. Overestimated hematite contents will pro-
foundly a�ect KD values at Mn-rich compositions and
strongly displace KD to lower values there.

Concluding remarks

The present study emphasizes the importance of detailed
EMP work in characterizing reactants and products of
exchange experiments. Such EMP data provide infor-
mation on the chemical homogeneity of phases in the
experiments, which is essential for assigning uncertainty
limits to ®nal KD and, in the case of minor composit-
ional changes, to decide whether or not signi®cant re-
action has occurred. The EMP traverses measured

Fig. 5 Electron microprobe step scan across a couple of garnet
(XMn � 0.124) and ilmenite (XMn � 0.020) constructed by gluing
together Ti-free garnet and Al- and Si-free ilmenite. Garnet-ilmenite
boundary was oriented vertically for microprobe analysis. Apparent
TiO2 contents of garnet and SiO2 contents of ilmenite are plotted on
the right axis, all other oxides on the left axis. Al2O3 contents of
ilmenite were below detection limit in all analyses. Analytical
conditions used: 15 kV accelerating potential, 20 nA beam current,
beamsize »1 lm, 50 seconds counting time for Ti, 10 s on background
(PET crystal, spectrometer take-o� angle 40°), all other elements 30 s
on peaks with 5 s on background, full ZAF corrections made (PAP
program, CAMECA software)
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across ilmenite grains and adjacent garnet show that
both phases are unzoned in XMn (XFe) but also reveal a
predominantly arti®cial Ti-zoning in garnet up to �40±
50 lm away from the garnet-ilmenite interface. High
apparent Ti contents are caused by secondary Ti-¯uo-
rescence of ilmenite, as was demonstrated by analyzing
pro®les across a couple constructed from ilmenite and
Ti-free garnet.

Fig. 6a±e Variation of lnKD � �X gnt
Mn � X ilm

Fe �=�X gnt
Fe � X ilm

Mn�
� �

with XMn

ratio of garnet for Fe-Mn exchange experiments. Start and ®nal lnKD

values are shown by arrows. Box sizes for data of present study re¯ect
uncertainties in ®nal X gnt

Mn and lnKD, whereas uncertainties are not
shown for half-brackets of Kress (1986) and Pownceby et al. (1987)
(see text and Table 1). Three half-brackets of Kress (1986), marked by
asterisks (b), disagree with the other data (see text).Dashed horizontal
lines depict lnKD as deduced by Pownceby et al. (1987) from their
experimental study (their Eq. 7). For clarity, several less constraining
half-brackets of Pownceby et al. (1987) and present study have not
been displayed in the ®gures
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Virtually all results of three experimental studies on
the Fe-Mn partitioning between garnet and ilmenite
(Kress 1986; Pownceby et al. 1987; this study) are con-
sistent with each other. Only a few results of Kress
(1986) disagree with the other data. As explained above,
we question the EMP data for ilmenite from that study.
Contrary to the previous studies, however, the narrow
experimental brackets obtained during the present cali-
bration constrain that, at constant temperature, KD is
larger for Mn-rich compositions than for Fe-rich ones.
This compositional dependence of KD complicates gar-
net-ilmenite geothermometry. For geothermometric ap-
plication, it is unfortunate that results for Fe-rich
compositions (XMn garnet < �0.25), which dominate in
nature, will not be very accurate. This is owing to a
lesser T-dependence of KD at Fe-rich compositions (cf.
Fig. 6) as well as less precise KD values connected to
small mole fractions of XMn, particularly in ilmenite.
Best results from garnet-ilmenite thermometry are ex-
pected to be obtained at intermediate compositions
(�0.25 < XMn garnet < �0.80).

Thermodynamic analysis of the Fe-Mn garnet-ilme-
nite partitioning data, together with other experimental
data in the system Fe-MnO-Al2O3-TiO2-SiO2-O2 (M.
Engi and A. Feenstra, in preparation), indicates that
(Fe,Mn)3Al2Si3O12 garnets deviate more strongly from
ideality than proposed till now (nearly ideal). This
nonideal Mn mixing extends into multicomponent gar-
net solution models as well.
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