Synthetic armalcolite and pseudobrookite
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Abstract

Armalcolite and pseudobrookite have been crystallized from synthetic melts of basaltic composition with
variable amounts of added TiO,. It was found that the composition of the armalcolite and pseudobrookite are
dependent on the TiO, content of the melt and the conditions (particularly oxygen fugacity, but also
temperature and quenching rate) of formation. The maximum Al,O5 content of pseudobrookite appears to be
~14—15 wt.% Al,O3;, a spinel-like phase being exsolved at higher ALO; concentrations. Generally
armalcolite is formed at low pO, and pseudobrookite at higher oxygen fugacities.
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Introduction

THE MgO-FeO-Fe,05-TiO, system is geochemi-
cally significant as an indicator of oxygen fugacity
and temperature and can be used for producing
refractory ceramics and ferromagnetic materials. A
summary of the natural phases, particularly pseudo-
brookite (Fe,TiOs) and armalcolite ((Fe,Mg)Ti,0s),
was published by Bowles (1988). The system has not
been extensively investigated experimentally.
MgTi,Os (Brown and Navrotsky, 1989; Wechsler
and Navrotsky, 1984) and ‘anosovite’ Ti3Os
(Rusakov and Zhdanov, 1951) have been synthe-
sized. The phases formed within the MgO-Fe,O3—
TiO, and MgO-Al,0;-Fe,O;-TiO, systems have
been little studied but the boundary series have
received some attention. The MgTi,Os to FeTiyOs
series has been examined by Moore and Sigurdson
(1949) and by Lindsley et al. (1974) whilst Sigurdson
and Cole (1949) have studied the MgTiOs to
Al,TiOs series. The Fe,TiO5 to FeTi,O5 series has
been synthesized by Akimoto er al. (1957). The
natural minerals armalcolite (Anderson et al., 1970),
pseudobrookite and ‘kennedyite’ (Fe,MgTi;0,; von
Knorring and Cox, 1961) fall within the MgO-FeO-
Fe,03-TiO, field and often contain Al,O5; and other
oxides in addition. ‘Anosovite’ has been found in
slag materials (Lapin et al., 1956) and belongs to the
MgO-FeO-TiO-TiO, field. Many examples of lunar
armalcolite also fall within this field. ‘Kennedyite’

(ideally Fe,MgTi304,) was discovered in the
olivine—augite—feldspar rocks of the Mateke Hills,
Zimbabwe, by von Knorring and Cox (1961). They
showed the structure of ‘kennedyite’ to be similar to
pseudobrookite and determined the chemical compo-
sition suggesting that Cr,0;, Al,O5; and FeO are not
involved in the structure but represent mechanical
admixtures of other phases. Unfortunately the
original definition did not set any boundaries to the
composition of ‘kennedyite’ within this field and it
has been found more convenient (Bowles, 1988) to
abandon the name ‘kennedyite’ and to divide the
Fe,TiOs-Ti;0s—Mg,TiOs field into pseudobrookite,
armalcolite and ‘anosovite’. Data on synthetic
armalcolite and pseudobrookite are sparse.
Armalcolite has been synthesized from a mixture of
oxides corresponding to the composition of a lunar
rock (10017; Lind and Housley, 1972) and Akimoto
et al. (1970) have obtained Cr,Os;-bearing armalco-
lite by melting actual lunar rocks (10085 and 10017)
at 1125 to 1225°C at 107" to 10™"? atm. (~ 107" to
1078 MPa). Friel and Harker (1977) found armalco-
lite stable at 1200°C and 107°° to 107'"% atm.
(10752 to 107%° MPa).

Experimental procedures

Synthetic armalcolite and pseudobrookite were
obtained as quenched phases when studying the
behaviour of titanium in basaltic melts. The minerals
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Fic. 1. Microphotograph of synthetic pseudobrookite

(sample 28). The pseudobrookite forms grey, tabular

crystals with a prominent cleavage. White is plagioclase,
black is residual glass.

were identified by X-ray powder diffraction. The
experiments on quenching were carried out between
1200 and 1300°C, with a total pressure of 0.1 MPa
and partial oxygen pressures from 10712 to
2.1x 1072 MPa. During these experiments the
material (TR-2 basalt with variable amounts of
added TiO,) was melted at an appropriate tempera-
ture and then quenched after 2 h in the furnace. A few
experiments were performed on the behaviour of
titanium involving crystallization of basaltic melts at
different rates. These crystallized melts were
obtained using a high-temperature furnace with a
temperature controller.

The experiments consisted of several stages. At
first crucibles containing the mixtures were heated to
an initial temperature of 900°C. After 8~10 h the
temperature was increased to 1300°C at the rate of
130°C per hour. The temperature was maintained at
1300°C for 2 h and then decreased to a ‘working’
temperature. The working temperatures were 1275,
1250, 1150, 1100, 1050, 1000, 950 and 900°C. After
3 h at the working temperature the mixture was
quenched (Medvedev, 1989). Depending on the
oxygen fugacity, the crucibles were either made of
aluminium oxide (high pO,) or metallic molybdenum
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(low pO,). Armalcolite and pseudobrookite could not
be derived from stoichiometric mixtures of oxides by
melting because the oxide melt requires temperatures
higher than 1500°C. It was found that the mineral
assemblages in all experiments were fairly constant,
even if the rate of cooling and the quenching
temperatures varied. The mineral assemblages
formed during the various experiments were
armalcolite or pseudobrookite, plagioclase, residual
glass and, occasionally, pyroxene and differ only in
the proportion and size of the mineral phases. With a
minimum quenching temperature and rate of cooling,
the crystal size was maximized, whereas the
proportion of residual glass decreased. This paper
describes some chemical features of the armalcolite
and pseudobrookite synthesized both by quenching
and crystallization.

Results

The synthetic armalcolite and pseudobrookite
minerals form tabular and spicular crystals (Fig. 1).
The tetragonal cleavage of the mineral is observed
when the long axis is cut perpendicularly by the thin
section. The crystal size reaches 5 mm on the long
axis. Stellate mineral accumulations are produced as
a result of quenching at high temperatures. The
armalcolite and pseudobrookite vary from dark
brown to black in colour with an adamantine to
metallic lustre. In thin section these minerals are
often transparent and yellow to brownish red in
colour. They are black where the long axis is cut
perpendicularly by the thin section. No distinct
relationship is apparent between the chemical
composition and the refractive indices.

ne =235 —240; n, =228 — 2.38

The chemical composition of each mineral was
determined using an electron microprobe (JEOL
Superprobe 733). The procedure has been presented
by Medvedev ef al. (1987) and the compositions are
given in Table 1. Scanning both along and across
some crystals indicated that no inhomogeneity of
individual crystals was apparent in any of the
experiments. Table 1 demonstrates the wide compo-
sitional range of armalcolite and pseudobrookite,
particularly as far as Ti is concerned (40 to 73 wt.%
TiOy).

The analytical data have been plotted in Fe,TiOs—
MgTi,0s-Ti3Os space according to the method
proposed by Bowles (1988) and this is shown in
Fig. 2. This illustrates the wide range of mineral
compositions which have been obtained and estab-
lishes the fact that both armalcolite and pseudo-
brookite have been produced.

The concentration of Ti in these minerals is almost
directly dependent on the Ti content of the melt
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Ti; O f "Anosovite"

Armalcolite FeMgTi,0,,

\ 1300°C
\-' 1078° MPa
¥ 1250°C
\\ 107 MPa

\1 200°C

10792 MPa

\%

"Kennedyite”

FeTi,05 MgTi,O;

Pseudobrookite

Fe,TiOg

Fic. 2. Data from Table 1 plotted in the Fe,TiOs-MgTi,0s-Ti305 space according to the method proposed by
Bowles (1988). Circles show the location of the mineral in terms of the Fe-Ti-Mg composition whilst the Al,O3
content is illustrated by the length of the oblique line. Examples of armalcolite composition were produced at
1200—1300°C. and 107%° 10 10792 MPa while the pseudobrookites were formed at 2.1x 1072 MPa and
1200—1250°C by quenching or slower cooling. At 1300°C and 2.1 x 1072 MPa armalcolite is formed when the
amount of TiO; in the melt is high while pseudobrookite is produced from melts with a lower TiO, content.
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FiG. 3. Relationship of the TiO, content of armalcolite

and pseudobrookite to that in the melt. 1 ~ air; 2 —

oxygen fugacity corresponding to that of the wiistite—

magnetite buffer; 3 — data from von Knorring and Cox
(1961).

(Fig. 3). It is also evident that armalcolite synthe-
sized at low oxygen fugacity contains more Ti than
armalcolite and pseudobrookite obtained at high
oxygen fugacity. In addition the Ti concentration in
pseudobrookite is directly dependent on the rate of
cooling from the melt, the Ti concentration being
lower at lower cooling rates (Fig. 4). The separation
of a spinel-like phase with 40—50 wt.% Al,O; and
TiO, <1 wt.% was observed in two samples numbers,
30 and 31; Fig. 5. In these examples the Al,O4
content of the host mineral amounts to 14—15 wt.%
which appears to be the maximum permitted in
armalcolite and pseudo-brookite. The limits of
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R 0
a O
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25 10 5 0.5

Cooling rate, ‘C/h

FiG. 4. Relationship of the TiO, content of pseudo-
brookite to the rate of cooling of the melt. 1 — TiO, =
6.44 wt.%; 2 — TiO, = 11.37 wt.% in the melt.

52 A. YA. MEDVEDEV

3 ) ~

f 1

Fic. 5. Separation of a spinel-like phase (white) in
pseudobrookite sample 31 (grey).

saturation for other elements have not been
determined.

Conclusions

Armalcolite and pseudobrookite can be produced
synthetically during crystallization from a melt of
basaltic composition. The composition of the
minerals produced is strongly dependent upon both
the oxygen fugacity during the experiment and the
amount of TiO, available. Temperature and the rate
of crystallization appear to exert a smaller influence.
The maximum capacity of pseudobrookite for Al,O5
is ~14—15 wt.%. At higher Al,O5 contents, a phase
of spinel-like composition is exsolved.

The data provide excellent confirmation of the
general supposition (e.g. Anderson et al., 1970;
Bowles, 1988) that minerals of armalcolite composi-
tion found in lunar, extraterrestrial and (occasionally)
in terrestrial samples were generally formed under
conditions of low oxygen fugacity whilst terrestrial
minerals of pseudobrookite composition have been
formed where more oxygen is available.
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