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Minor-element distributions in ilmenite and dolomite by
electron channeling-enhanced X-ray emission
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Ansrnacr

Electron-channeling experiments using planes normal to the hexagonal c axis and planes
parallel to { 10I I } have revealed site occupancies of minor elements in natural ilmenites
and dolomites. In ilmenite, almost all of the Mg and Mn reside in the Fe site, whereas Cr
shows a slight preference for the Ti site and most of the Al occupies the Ti site. In dolomite,
Mn is strongly ordered into the Mg site, whereas Fe shows only a slight preference for the
Mg site. Except for the Fe in dolomite, these results are consistent with simple cation-
radius considerations.

INrnooucrroN channeling can be used to distinguish between these two

Using a technique commonly termed ALCHEMT (Atom sites. Calculations of X-ray emissions as a function of tilt

Location by CHanneling-Enhanced Mlcroanalysit), it ir yere Ogrfolmed using a program written by Peter Self,
possible to directly measure site occupancies-of major formerly of Arizona State University, based on the for-

and minor elements in specific sites of certain mineials mulation by Cherns et al. (1973). Results for a number

with the transmission electron micr< of orientations are shown for ilmenite and dolomite in

technique has been applied to olivine ( respectively. The channeling is much

1982a; Smyth and.Tafta, 1982; Self i dolomite than in ilmenite because in

McCormick et al., 1987), pyroxene not as large a diference in projected

McCormick, 1986), feldspar (Tafto a )etween the two planes containing the

spinels (Tafta, 1982; Tafta and Spence, 1982b; Chri : calculations demonstrate that for both

fersenetal., 1984),andgarnets(OttenandBuseck, 1986) structures, strong changes in calculated emission occur

and relies on the enhanced transmission of chars ed oar- with slight tilting through the Bragg angle for planes nor-

ticles along specific crystallographic directiont. iVn.n u mal to the hexagonal c axis, as well as for the {1011}
thin, perfect crystal is oriented in the reu so that lattice planes. These latter orientations are more accessible than
planes lie nearly parallel to the electron beam, the chan- the planes normal to the c axis, and many of the mea-

neling gives rise to enhanced X-ray emission from atoms surements reported here are based on the { 101 I } chan-
lining up on these planes. Slight changes in tilt about the neling.

Braqq a19le.for 
Jhese.llanes result in changes in the in- ExprmrrBNTAL METH'DS AND DArA REDUCTT'N

tensily distribution of the wave field near the surface of
the crystal, so that enhanced X-ray et h sample were finely crushed in acetone and

from adjacent sites. In order to deterr er grid with a holey carbon support film. A

cies for two nonequivalent sites, a dirr 
'erating at 120 kev and fitted with a rsvnx

lected where the two srtes line up on i 
ectrometer' was used with a low-background

rographic planes parauel to this direcri lT',ilT;fil?1,fi:?ff:'iffi'nTffi::?
has been described in detail by Spence Spectra were collected for 200 to 300 s live

The present study was initiated to investigate minor- time, in three different directions: (A) with the angle between
element site preferences in rhombohedral ilmenite and the incident beam and the crystallographic planes less than the
the closely related rhombohedral structure of dolomite. Bragg angle for the planes; (B) with the crystal tilted slightly
Both structures have R3 symmetry and contain two main beyond the Bragg angle; and (C) with the crystal tilted to a ran--
cation sites. Ilmenite contains Fe sitr the systematic row. A spot size of 2000 A
parallel to hexagonal {0001} that alten e ofless than halfthe Braggangle were used

Ti sites, each surrounded by oxygens isitions' Escape peaks and a modeled back-

ordination. In dolomite, planes of Mg , 
td from the spectra' and integrated intensi-

planes orca sites, sepaiated by planis t-H,'triiliTrffi-j;L?i1,il'?33i13
the hexagonal c direction. In both structures the two sites plane are shown for ilmenite in Figure l. Calculation of site
also line up on alternating planes parallel to {1011}. occupanciesfollowedthemethodoutlinedbySpence andTafts
Therefore there are a number of orientations in which (1983), using spectra oforientations A and B for occupancy de-
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Fig. l. Calculated and measured Fe/Ti X-ray emission ratios
in ilmenite, as a function of tilt, for different channeling planes.
Measured values (closed circles) are shown for progressive tilting
ofone crystal about an axis in the (0003) plane.

terminations. Thus, Cr, the proportion of element X in site I is
given by C,: (R, - l)/lRx - | + (I./I)R - (I,/Ir)oR,l, where
R" is the ratio of counts for element X, relative to a reference
element, for the two oriented spectra, and, (1,/Ir)o and (Ir/Ir)"
are the intensity ratios ofsite I to site 2, for the two orientations.
We assumed complete ordering of Ti in ilmenite, and so Ti was
used as a reference element. Therefore, in this case, R" : (Nr,/
Nx)^/(Nrt/N)8.

A problem arises in determining values for the intensity ratios.
If one assumes Fe and Ti to be fully ordered on the two sites,
,rith no excess Fe in the Ti site, then the intensity ratios can be
determined in each oriented spectrum by comparing the mea-
sured ratio for Fe/Ti to Fe/Ti in the random spectrum (for which
the intensity is not modulated). If these assumptions are invalid,
it is necessary to use bulk-chemical information to quantify the
results.

Rpsur,rs AND DrscussroN

Ilmenite

Two samples of ilmenite were used in the channeling
experiments. Both are fragments of nodules of ilmenite
in kimberlite, collected from dumps at the Frank Smith
diamond mine in South Africa. Both samples appear to
be chemically homogeneous and show no evidence of ox-
idation-exsolution petrographically or in the rEM. The
bulk compositions of the two samples are approximately
Feo ,, Tio ,, Mgo ,o Cro o, Mno o, O. (reu analyses) and
Feo ruTio rrMgo roAlo o,Mno o,O, (microprobe analyses).

Typical spectra from slight tilting about an axis in the
(0003) plane are shown in Figure 3. Site occupancies were
calculated using the bulk concentrations from chemical
analyses given above, and the results are summarized in
Table 1. Estimates of Cr distributions were determined
from the Cr-rich sample. Because of overlap of the CrKB
with MnK" peaks, Mn distributions were not measured
in this sample. However, Mn distributions, together with
Al distributions, were determined in an essentially Cr-
free sample.

The results indicate the Mg and Mn show a strong pref-
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Fig.2. Calculated Mg/CaX-ray emission ratios in dolomite,
as a function of tilt, for different channeling planes.

erence for the Fe site in ilmenite, consistent with the or-
dered end members giekelite (MgTiOr) and pyrophanite
(MnTiOr). Fe distributions are consistent with stoichi-
ometry if one calculates the amount of hematite in so-
lution assuming Cr is in the Ti site and Mn and Mg are
in the other site. Cr shows a significant preference for the
Ti site, and Al appears to be even more strongly ordered
into the Ti site. Many of the measured Ti-site occupan-
cies for Mg are negative. This appears to be one of the
limitations of quantitative ALcHEMT that has been noted
in previous studies (e.g., Otten and Buseck, 1986; Self
and Buseck, 1983) and may be related to delocalization
of the excitation of lighter elements. However, compari-
son of results of occupancies determined by X-ray refine-
ments with those determined by channeling in other Mg-
Fe phases (e.g., olivine, McCormick et al., 1987) shows
that the channeling results are consistent with these other
methods, within errors. The occupancy of Mn in Table I
is more strongly negative. This may in part be attributed
to problems of peak deconvolution of the small Mn peak
with the larger Fe peak.

The site preferences measured by channeling are con-

TABLE 1. Average proportions of various ele-
ments in the Ti site in ilmenite

Cr-bearing (1 1 measurements)
Fe 0.06 (0.03)
Mg -0.02 (0.13)
Cr 0.76 (0.14)

Mn-bearing (6 measurements)
Fe 0 06 (0.02)
Mg 0.04 (0.06)
Ar 0.90 (0.18)
Mn -0.08 (0.06)

Nofej Estimated standard deviations are given in pa-
rentheses.

MCCORMICK AND SMYTH: ALCHEMI APPLIED TO ILMENITE AND DOLOMITE

o

z

o
6

=
U

o

=

o

2

o
o

=
U

F

q
r

5 e4 e3 02 et e



780

Fig. 3. Typical X-ray spectra for oriented crystals of ilmen-
ite: (A) tilted slightly less than the Bragg angle for (0003); (B)
tilted slightly greater than the Bragg angle for (0003). Anows
indicate peak heights for the spectrum in the opposite tilt direc-
tion.

sistent with cation sizes. It would be of particular interest
to determine whether these distributions change as a
function of temperature, pressure, a\dfo2for possible ap-
plication in geothermometry and geobarometry.

Dolomite

Most of the measurements on dolomite were done on
a sample of baroque dolomite replacing siliciclastic rocks
in the Fountain Formation, Colorado. The sample con-
sists almost entirely of rhomb-shaped dolomite cores,
surounded by Fe-rich dolomite rims, with Mn-rich zones
between the cores and rims. Microprobe analyses
(Kindred, 1987) show the dolomites to be only slightly
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Fig. 4. Typical X-ray spectra for oriented crystals of dolo-
mite: (A) tilted slightly less than the Bragg angle for { 101 I }; (B)
tilted slightly greater than the Bragg angle for {1011}. Arrows
indicate peak heights for the spectrum in the opposite tilt direc-
tron.

enriched in Ca (up to 54 mol0/o CaCOr), but strongly
zoned, with MnO ranging from 0 ro 2 wto/o, and FeO,
showing an inverse relationship to MnO, also ranging from
0 to 2 wto/o. The crushed sample examined in the reu
therefore contained a variety of compositions from Fe-
rich and Mn-poor, to Mn-rich and Fe-poor, to fairly pure
Mg-Ca dolomite.

Typical spectra from the two channeling orientations
are shown in Figure 4. In calculating site occupancies, it
was assumed that all the Mg and 80/o of the Ca are in one
site and the remaining Ca is in the other site. The Mg-
site occupancies for Fe in seven Fe-rich dolomites is 0.67
(+ 0.17) and for Mn in seven Mn-rich dolomites is 0.95
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(+ 0.06). Whereas Mn appears to be almost completely
ordered into the Mg site, Fe only shows slight preference
for the Mg site. Since the conditions of formation of the
core and rim dolomites may have been different, it would
be of interest to compare the relative distributions of Fe
and Mn in the same crystal fragment. Because of prob-
lems of MnK, overlap with FeK" and possible peak-de-
convolution errors, the most useful dolomites for such an
analysis would be those with Fe concentrations gleater
than, or equal to, those of Mn but with significant quan-
tities of Mn. Several measured crystal fragments met these
criteria, and additional measurements were made on a
sample of dolomite from Tsumeb, Namibia, with Fe and
Mn both up to about 0.5 at.o/0. In all measurements, Mn
showed a significantly g,reater degree of ordering than Fe,
and an average of seven measurements that had accept-
able absolute occupancies showed, for the Mg site, Cnn" -

Ce. :  0.24 (+ 0.16) .
The preference of Mn2* for the Mg site has been shown

by using electron paramagnetic resonance by Wildeman
(1970). In this study he found a tendency for Mn to order
with increasing hydrothermal alteration. A relatively high
temperature of formation of the Fountain Formation do-
lomites was estimated by Kindred (1987) (120-140"C),
and so the strong ordering of Mn in these dolomites is
consistent with the earlier studies.

The degree of ordering of Fe has not been previously
measured. Since Fe tends to oxidize more readily than
Mn, one can rule out the possibility that the Mn is sig-
nificantly smaller than the Fe cation. Therefore these dis-
tributions are controlled by factors other than simple cat-
ion sizes. It is possible that Fe may substitute readily in
the Ca site owing to larger distortions in this site (Reeder,
1983). If Mn shows stronger ordering with increasing
temperature, as suggested by Wildeman (1970), the or-
dering behavior for Fe may be quite different from that
of Mn. It would be particularly interesting to determine
site occupancies for Fe in dolomites from a number of
different environments.

CoNcr,usroNs

The technique of ar-cnsvrr has been used successfully
to determine site preferences of minor elements in ilmen-
ite and dolomite, using planes normal to the hexagonal c
axis and the {10I1} set ofplanes for the channeling di-
rections. Measurements of ilmenite nodules from a kim-
berlite pipe show strong preference of Mg and Mn for the
Fe site, a slight preference of Cr for the Ti site and a
strong preference of Al for the Ti site. These observations
are consistent with cation-size considerations.

Channeling experiments on high-temperature dolo-
mites, using similar channeling directions to those in il-
menite, revealed Mn to be almost completely ordered
into the Mg site, consistent with earlier studies on dolo-

mite. In contrast, Fe shows significant disorder with only
a slight preference for the Mg site, suggesting that factors
other than cation size control Fe distribution.
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