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ABSTRACT ; é ég}?

Rutile has not been widely recognized as a meteoritic constituent.
Recent microscopic and electron microprobe studies show, however, that TiOz
is a reasonably widespread phase, albeit in minor amounts, X-ray diffraction
studies confirm the Ti0, to be rutile, It was observed in the following
meteorites - Allegan, Bondoc, Estherville, Farmington, and Vaca Muerta., The

rutile is associated primarily with ilmenite and chromite, in some cases as

exsolution lamellae.
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Rutile, as a meteoritic phase, is not widely known. In their summary
of meteorite mineralogy neither Mason (1962) nor Ramdohr (1963) report rutile
as a mineral occurring in meteorites, although Ramdohr did describe a similar
phase from the Farmington meteorite in his list of “unidentified minerals."

He suggested (correctly) that his "mineral D" might be rutile, He also ob-
served it in several mesosiderites., The mineral was recently mentioned to
occur in Vaca Muerta (Fleischer, et al., 1965) and in Odessa (El Goresy, 1965).
We have found rutile in the meteorites Allegan, Bondoc, Estherville, Farming-
ton, and Vaca Muerta; although nowhere an abundant phase, it appears to be
rather widespread.

Of the several meteorites in which it was observed, rutile is the most
abundant in the Farmington L-group chondrite. There it occurs in fine
lamellae in ilmenite. The ilmenite is only sparsely distributed within the
meteorite although wherever it does occur it is in moderately large clusters
- up to 0.5 mm in diameter - and it then is usually associated with chromite
as well as rutile (Buseck, et al., 1965).

Optically, the rutile has a faintly bluish tinge when viewed in reflected,
plane-polarized light with immersion objectives. It is probably strongly
anisotropic, although this is difficult to determine positively as it occurs
within a matrix - ilmenite - that is itself so strongly aniso;ropic. Because
of its small size, intermal reflections could only be noted in rare instances,
The reflectivity is low and the hardness approximately that of the ilmenite,

The initial identification of the rutile was performed by electron beam
scans across the area of interest. In order to confirm the qualitative iden-
tification, quantitative electron microprobe analyses were run (Tables 1-3).
The intensity readings were corrected for deadtime, background, mass absorp-

tion, fluorescence, and atomic number using methods previously described



(e.g., Keil and Andersen, 1965). The Ti content of the rutile was measured
using a synthetic, spectrographically pure rutile standard.

The composition of the rutile was determined by moving the sample in
l-micron steps under a fixed electron beam. As the lamellae are very fine
(on the order of a few microns in width) the electron beam is bound to over-
lap the host mineral ilmenite. Hence, the measured Ti content is slightly
lower than expected (the ideal Ti content would be 59.9 percent). The measured

value of 57,3 percent represents the highest value in a series of several hun-

dred points. The small amount of iron which is detected when measuring the
rutile lamellae is probably also a result of the overlapping. In view of this
ambiguity it canmot be positively asserted that the rutile is either pure or
stoichiometric. The ilmenite is fairly rich in Mg and should be called man-
ganese-chromium-bearing magnesian ilmenite following the terminology suggested
by Palache, et al., 1944, The chromite contains Ti as well as Mg and thus
may be called titanium-manganese-bearing magnesian chromite. Terrestrial
ilmenites and chromites commonly also contain Mg, there being solid solution
series of geikielite (MgTiO3) and magnesiochromite (MgCrZOA), respectively.
The ilmenite and chromite were qualitatively scanned for all the elements

with atomic numbers greater than that of Na; only those elements shown in

Tables 1 and 2 were present in amounts greater than 0.05 weight percent.

The electron microprobe analysis clearly shoﬁs the mineral in question
to be a titanium dioxide; this technique, however, cannot distinguish between
the several polymorphs. Presumably because rutile is more stable under most
geologic conditions than either anatase or brookite other investigators have
assumed that meteoritic titanium dioxides consisted of rutile. No X-ray

measurements have been reported. Unfortunately the small size of the TiO,
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TABLE 1, COMPOSITION OF MANGANESE-CHROMIUM-BEARING MAGNESIAN ILMENITE FROM
THE FARMINGION CHONDRITE AS OBTAINED BY ELECTRON MICROPROBE TECHNIQUES,
AVERAGE OF 53 ANALYSES ON 5 GRAINS (IN WEIGHT PERCENT)

Measured Calculated Ideal
- Fe = 25.8 Fe0 33.19 47.34
Ti = 34.4 TiO2 57.38 52,66

Mg = 4,11 Mg0 6.82

Mn = 0,59 MnO 0.76
1 Cr = 0.51 CrZO3 0.75 -
65.31 98.90 100.00

TABLE 2, COMPOSITION OF TITANIUM-MANGANESE-BEARING MAGNESIAN CHROMITE FROM
THE FARMINGTON CHONDRITE AS OBTAINED BY ELECTRON MICROPROBE TECHNIQUES,
AVERAGE OF 46 ANALYSES ON 5 GRAINS (IN WEIGHT PERCENT)

Measured Calculated Ideal
‘ Fe = 23.8 FeO 30.62 32.09 N
. Cr = 40,2 Cr203 58.75 67.91
Mg = 3.61 Mg0 5.99
Ti = 1.90 Ti0, 3.17
Mn = _0.48 M0 _0.62 —
69.99 99.15 100.00

TABLE 3. COMPOSITION OF RUTILE FROM THE FARMINGTON CHONDRITE AS OBTAINED
BY ELECTRON MICROPROBE TECHNIQUES (IN WEIGHT PERCENT)

Measured Calculated Ideal

Ti = 57.3 TiO2 95.58% 100.00

*The difference to 100 percent is iron. The iron is probably not a con-

stituent of the rutile but originates from the electron beam overlapping

ilmenite.




lamellae and scarcity of the Farmington material precludes separation of the
phase and thus X-ray diffraction measurements.

The presumptive rutile was also identified with the microprobe in the
Bondoc meteorite. In an attempt to concentrate the titanium dioxide severely
weathered outer crust of Bondoc was taken and treated first with HC1l and then
with HNO3 + HF and then again with HC1 in order to dissolve all but the most
resistant minerals, Further concentration of the very small amount of in-
soluble residue proved necessary to get a good X-ray pattern. Therefore,
first magnetic splits and then specific gravity splits were made. The result-
ing material is pure rutile (Table 4).

The occurrence of rutile in the Farmington meteorite is interesting for
not only are there rutile lamellae within the ilmenite, but chromite lamellae
occur in the same area., Some of the chromite grains look like exsolution
lamellae but others are continuous with adjacent and larger, granular chromite
grains (Figures 2, 3). Rutile and chromite lamellae sometimes occur together
in one and the same ilmenite grain as is shown in the center of Figure 3.
This grain exhibits a rather peculiar relationship between the rutile and
chromite lamellae, The rutile seems to crosscut the chromite and also seems
to offset it in places. However, the edges of the host ilmenite grain do not
show any marked physical displacements., Note also that the left chromite
lamella seems to penetrate somewhat into the rutile lamella.

In most of the other meteorites, rutile is associated with chromite.

In Estherville, a mesosiderite fall, chromite is widespread within the
silicate areas, Ilmenite commonly occurs with the chromite, either in
euvhedral crystals or thin lamellae., The rutile is less abundant and it is

restricted to occurring in long, thin lamellae within the chromite, These



TABLE 4

X-RAY DIFFRACTION PATTERN (Fe,, RADIATION) OF POWDER HAVING A SPECIFIC GRAVITY
- GREATER THAN 3.33; TAKEN FRO ACID-INSOLUBLE, NONMAGNETIC FRACTION OF THE

BONDOC METEORITE, COLUMNS 2, 3, AND 4 ARE FOR COMPARISON AND SHOW STANDARD

PATTERNS OF RUTILE, ANATASE, AND BROOKITE, FROM THE A.S.T.M. X-RAY POWDER DATA

‘Meteoritic
Rutile
gmeasuredz Rutile
d 1/1g d 1/I,  hkl
3.246 Mk 3.245 100 110
2.487 ST 2.489 41 101
. - 2,297 7 200
2,184 W 2.188 22 111
) 2.061 W 2.054 9 210
1.686 M 1.687 50 211
1.624 W 1.624 16 220
1.478 W 1.480 8 002
1.459 W 1.453 6 310

*ST = strong, M = medium, W = weak

FILE (AQS .T.uo SPEC. TECH. P[]B. 48"\]” PHHIADELPHIA’ 1960)0

Anatase
d
I/IQ
3.51 100
2,435 9
2,379 22
2,336 9
1.891 33
1.699 21
1.665 19
1.494 4
1.480 13
1.367 5

Brookite
o iy
3.;7 100
2.;0 85
2,48 50
2.;1 25
2.51 25
2.11 25
1.;7 50
1.88 75
1.84 50
1.;8 50
1.;5 60
1.;9 50
1.;8 25
1.44 25



lamellae appear to be crystallographically oriented and presumably resulted
by exsolution from chromite (Fig. 4). Its greyish-blue color and higher
reflectivity than chromite or ilmenite serve to identify it, even though it is
commonly at the limit of resolution at maximum magnification (1265X). It is
reasonably widespread.

Rutile has recently been mentioned as occurring in Vaca Muerta (Fleischer,
et al., 1965) as well as in other mesosiderites (Ramdohr, 1964). In Vaca
Muerta - a mesosiderite find - the rutile occurs together with chromite, both
in lamellae in the chromite as well as in individual grains. 1It is interesting
to note that the rutile does not only occur in lamellae in the chromite, but
also that chromite lamellae occur within large rutile graims (Fig. 5).

The chromite in Allegan - an H-group chondrite fall - contains 1,20 weight
percent Ti0, (Merrill and Stokes, 1900). Being moderately Ti-rich it was
thought that it might also contain rutile. In fact, Allegan does contain
rutile as a very minor accessory mineral, but it is disseminated as discrete
grains within the silicate matrix, rather than as lamellae in chromite,

Bondoc is an extremely unusual meteorite (Nininger, 1963). It consists
of fist-size, rounded pods of metal within a predominantly silicate matrix.

The metal, consisting largely of kamacite, is in sizeable grains between which
there are inclusions of nonmetallic minerals, mainly silicates and some apatite,
The rutile occurs within these non-metallic segregations either together with
chromite or as discrete small, angular grains not far away from it.

The mineralogical association in the vicinity of the rutile in meteorites
is rather interesting as it includes kamacite, troilite, chromite, and some-
times ilmenite, Rutile has been seen in contact with ilmenite, chromite, and

kamacite, Unfortunately, the regions of interest in the Fe-Ti-Cr-0 system
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have not been adequately described; otherwise this complex assemblage would
very likely provide enough information to determine the pressure-temperature
conditions at the time of formationm,

In Farmington the rutile appears to have been derived from the ilmenite.
This is commonly the case in terrestrial materials, although the reactionms
are slightly different, In the terrestrial case ilmenite breaks down when
oxidized, first by oxidation of the ferrous to ferric iron, with concurrent
addition of water and then decomposes further to yield goethite plus rutile,
commonly as amorphous Ti0, (Kukovskii and Kononov, 1959). The latter readily
recrystallizes. In meteorites, having a relatively low f°2’ this reaction is
unlikely - reduction appears much more probable. The reaction

2FeTiO; -» 2Ti0, + 2Fe + 0, (1)
has been suggested for ilmenite breakdown (Ramdohr, 1964).

Experimental measurements indicate that ilmenite and rutile cannot coexist
stably at very high temperatures as they react to form FeTiy0s;, a mineral in
the pseudobrookite solid solution series. On cooling, however, the FeT1205
decomposes to rutile plus ilmenite at 1140 +£10°C (Lindsley, 1965),

FeTiZOS.;FeTiO3 + TiO2 (2)
clearly indicating that the assemblage observed in the Farmington meteorite
formed below that temperature.

A limited amount of thermochemical data is available. In order to use
the existing data it must be assumed that minor constituents in the minerals
do not appreciably affect the thermodynamic properties and that the phases
are stoichiometric (if they are not the calculations must be revised - in the
case of rutile see, e.g., Moser, et al,, 1965; Taylor and Schmalzried point

out that stoichiometric ilmenite cannot coexist stably with Fe at 1300°C - it




is inferred, however, that it is stoichiometric at lower temperatures). Thus,
applying free energy values given by Taylor and Schmalzried (1964) to the
reduction reaction (eq. 1) it can be shown that rutile will be the stable phase
only for oxygen fugacities less than 10-21.1 atm and less than 10146 aem at
800° and 1100°C, respectively, these being the temperature limits of the appli-
cable thermodynamic data. These results are in agreement with calculations
made from the virial coefficients given by Kubaschewski and Evans (1958).
They are presumably not unreasonable for conditions within a meteorite body,
although it must be emphasized that they apply with certainty to only very
small areas within the meteorite. There are ﬁurely insufficient amounts of
these minerals to buffer the entire meteorite mass,

Bulk chemical composition, including TiO, determination, are available
for several of the meteorites in which rutile was found. The stony fraction
of Allegan contains 0.10 weight percent TiO, (Merrill and Stokes, 1900), the
Bondoc pyroxene contains 0.22 weight percent Ti0, (Wiik, personal communica-
tion, 1965), and the Farmington meteorite contains 0.17 weight percent TiO,
(Buseck, et al., 1965). These values may be compared to the average values
of superior analyses of 53 stony meteorites, which is 0,11 weight percent
TiOz (Urey and Craig, 1953). This agrees with the average value of 0,11
weight percent TiOy for 13 chondrites analyzed by Wiik and Wahl (Moore and
Brown, 1961, Table 2) and for 86 chondrites analyzed spectrographically by
Moore and Brown (1961). It is slightly lower than the mean of 0.15% given
by Mason (1965). Thus, on the basis of limited compositional data, the rutile-
bearing meteorites do not appear to be exceptionally Ti-rich. Presumably it
is likely that more careful optical examination will show that rutile is pres-

ent in many meteorites,



Although texturally much of the rutile appears to be the result of
exsolution from ilmenite, it has been reported (e.g., Edwards, 1960), that
based on experimental evidence, '"ilmenite and rutile do not form solid solu-
tion to any marked degree." This is confirmed by recent unpublished measure-
ments of Taylor (written communication to PRB, 1965)., The fact that rutile
lamellae seem to crosscut chromite lamellae within ilmenite of Farmington sup-
ports this contention, as do the small rutile grains in Bondoc, which occur
isolated from either chromite or ilmenite. It appears likely that the rutile
has several origins - a) reduction from ilmenite (Farmington), b) exsolution
from chromite (Estherville), and c) primary crystallization as a minor acces-

sory mineral (Allegan, Bondoc).
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FIGURE TITLES

FIG, 1.- Electron beam scanning pictures of a rutile lamella (R) in ilmenite
(I1), associated with chromite (Chr) and troilite (Tr) from the Farmington
chondrite. The pictures were obtained by scanning the electron beam over the
microscopically selected area in the sample and recording the signals from the
counter on the cathode ray tube of an oscilloscope, the cathode ray beam

scanning the tube in synchronism with the electron beam scanning the sample,

FIG, 2.- Farmington chondrite. Polycrystalline ilmenite (I1) showing various
shades of gray due to bi-reflectance, with rutile lamellae (TiO,), associated

with chromite (Chr), nickel-iron and troilite (white). Black is silicate matrix.

FIG. 3.- Farmington chondrite. Lamellae of rutile (Ti0j) within ilmenite (I1),
associated with chromite (Chr), troilite (Tr), and nickel-iron (NiFe). Black
is silicate matrix., Chromite also occurs as lamellae in ilmenite. Note the
peculiar relationship between the rutile and chromite lamellae occurring to-

gether in the ilmenite grain shown in the center of the figure.

FIG, 4.- Estherville mesosiderite, Chromite crystal (Chr) with rutile lamellae

(Ti0,), associated with ilmenite (Il1), in a silicate matrix. O0il immersion.
27

FIG, 5.- Vaca Muerta mesosiderite, Chromite (Chr) with lamellae of troilite
(Ir) and of rutile (Ti0,), and rutile with lammelae of chromite, in contact
with metallic nickel-iron (NiFe). Dark matrix is constituted of silicates,

0il immersion.
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