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ALCHEMI, Atom Location by CHanneling-Enhanced Microanalysis, has wide potential application in the Earth Sciences
for determination of site distributions of major and minor elements in minerals. Qualitative measurements should be useful in
providing crystal-chemical information on the control of site preferences by site energies and sizes. Quantitative determina
tions are possible by ALCHEMI and may be used as indicators of the temperature and pressure histories of rocks. ALCHEMI
has recently been applied to olivine, spinel, pyroxene, garnet, feldspar, ilmenite, and dolomite. Based on computer simulations,
it should also be possible to determine major and minor element distributions in pseudobrookite, perovskite, ferberite,
bixbyite, andalusite, sillimanite, apatite, epidote, and melilite using the ALCHEMI technique.

t. Introduction

Determination of intracrystalline distributions
of major elements in minerals has found several
applications in the Earth Sciences. Qualitative de
terminations are useful in defining end-members
in complex mineral systems and in understanding
the crystal chemical behavior in natural systems.
Quantitative determinations have been used as
indicators of the temperature and pressure histo
ries of rocks (geothermometers and geobarome
ters).

Quantitative measurements. Most chemical geo
thermometers and geobarometers that are applica
ble to igneous and metamorphic rocks are based
on the distribution of cations among the various
crystallographic sites available in a rock. If the
sites are in different minerals (intercrystalline), the
distributions are relatively easy to measure using
the electron microprobe. However, because diffu
sion distances are typically large (100 to 2000 11m)
the time to reach equilibrium is large, so that only
gross features of thermal history can be recorded.
The list of such geothermometers and geobarome
ters that have been at least roughly calibrated is
long, and many have been widely applied.

Intracrystalline distributions of cations are also
potentially useful geothermometers but with one

major exception have not been generally applied
due largely to the experimental difficulty of
quantitative measurements. X-ray and neutron
structure refinements can be used to directly re
fine site occupancies if the elements differ signifi
cantly in scattering factors [1]. Also, AI-Si oc
cupancies of tetrahedral sites can be inferred from
average cation-oxygen distances in the framework
silicates [2]. Structure refinement methods are
limited to no more than two major elements, and
crystals must be chemically homogeneous and at
least 100 p,m in smallest dimension for X-ray, and
1000 11m for neutron study. However, AI-Si dis
tributions in alkali feldspars have been correlated
with cell dimensions and optical properties [2],
and have been widely applied as a geother
mometer. Mossbauer spectroscopy has been used
to measure site distributions of s7Fe in pyroxenes,
amphiboles and olivines as well as other silicates,
but the method requires laborious mineral sep
aration and is applicable only to Fe in major
amounts. Nuclear magnetic resonance spec
troscopy has been used to measure site distribu
tions of 27AI in spinel and feldspars but the method
usually requires large single crystals.

Qualitative methods. In addition to these
quantitative methods, qualitative information of
site occupancy and coordination number for major
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and minor elements have been obtained by elec
tron spin resonance spectroscopy (ESR), infra-red
and Raman spectroscopy, electron energy loss
spectroscopy (EELS), X-ray absorption fine-struc
ture (XAFS), and X-ray absorption near-edge
structure (XANES). These qualitative measure
ments have greatly increased our understanding of
the crystal chemical behavior of major, minor and
trace elements in natural systems. This is espe
cially important for predicting geochemical behav
ior of high pressure phases that cannot be ob
served directly.

ALCHEMI. The development of ALCHEMI
[3] has made it possible to qualitatively, and in
many instances quantitatively, determine site oc
cupancies of minor as well as major elements in
crystals as small as 100 nm. Qualitative determina
tion of minor element distributions has permitted
a clearer understanding of the crystal chemistry of
minor elements in natural systems. The small
crystal size accessible by the method makes it
possible to study element distributions in com
plexly exsolved structures such as natural felds
pars and in fine-gained samples synthesized in
small-volume experiments such as the diamond
cell.

Quantitative determination of intracrystalline
minor element distributions opens the possibility
of developing many new single-mineral geother
mometers. In order for an intracrystalline distri
bution of cations to be useful as a geothermome
ter, several criteria must be met by the system.
First, the structure should be relatively simple;
that is, there should be a small number of availa
ble sites, preferably two. Second, the major-ele
ment chemistry should be relatively simple; that
is, there should not be complex, coupled heterova
lent substitution that would require separate
calibration for each composition range. Third, the
free energy of exchange of cations between the
sites should be neither too small nor too large. If
too small, the element will be disordered at all
temperatures; too large and no disorder will occur.
Fourth, the activation energy of the exchange will
control the minimum temperature at which ex
change will take place and should be large enough
that geologically useful information is preserved.
If this is large, only long-term equilibration tem-

peratures will be recorded, if small some indica
tion of cooling rates may be obtained. If too
small, only the current temperature will be indi
cated.

In order to obtain quantitative cation distribu
tion information by the ALCHEMI technique ad
ditional criteria must be met by the system. The
most important of these is that one of the sites of
interest contain an element, or line up with a site
containing an element, that occurs exclusively in
that site. This allows the distribution of that ele
ment to be used as an internal standard to mea
sure the intensity of the channeling effect. Fur
ther, the intensity of the channeling effect should
be large; that is, there should be a large difference
in projected electron density between the alter
nating planes [4]. Also, in some instances, it may
be necessary to correct for delocalization of X-ray
emission, particularly for light elements (atomic
number < 12) [5].

The object of this paper is to review the Earth
Science applications of ALCHEMI that have been
made to date, and to survey some potential appli
cations of the technique that may be feasible by
computing the intensity of the channeling effect in
a number of relatively abundant rock-forming
mineral structures from our review of mineral sites
and structures [6]. Channeling calculations were
made using a FORTRAN code written by Dr.
Peter G. Self based on the formulation of Cherns
et al. [7] and using 13 beams in the systematic
row.

2. Oxide minerals

Spinels. The spinel structure is common to a
large number of minerals and synthetic com
pounds. The oxide spinel mineral group has the
general formula (XY20 4 ), and the crystal chem
istry of the group has been reviewed [8]. The fully
ordered "normal" divalent-trivalent spinels have a
divalent cation, X, in tetrahedral coordination and
trivalent cation, Y, in octahedral coordination.
The fully ordered "inverse" spinels have X in
octahedral coordination and half of the Y cations
in octahedral and half in tetrahedral coordination.
Various degrees of disorder between the two
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ordered extremes are possible. All tetrahedral sites
are identical, as are all octahedral sites. The X
cation may be Mg, Fe, Mn, or Zn, and the Y
cation AI, Cr, or Fe. Complete crystalline solution
between the various end-members appears to be
possible. Aluminous spinels are common acces
sory minerals in ultramafic rocks of the upper
mantle. Cr-rich spinels are common accessory
phases in basalts and gabbros, and ferric-iron
bearing spinels are common in silicic igneous rocks.

In addition, divalent-tetravalent spinels are
possible with ulvospinel (Fe2Ti04) being a com
mon accessory phase in silicic igneous rocks and
showing significant crystalline solution towards
magnetite (FeFe20 4 ). The other significant diva
lent-tetravalent spinel is 'Y-Mg2Si04 which is not
stable at pressures less than about 12 GPa but is
believed to be a major component of the Earth's
mantle at depths of 520 to 670 km [9].

The structure is well suited to channeling
experiments because the octahedral and tetra
hedral sites alternate in layers up [100]. If the
complete ordering of one cation species may be
assumed, it is possible to obtain quantitative re
sults for major and minor element distributions
between the two sites. Major and minor element
distributions in a chromite were investigated by
ALCHEMI [10]. Taft0 and Krivanek [11] investi
gated the ferrous-ferric iron distribution in chro
mite using channeling-enhanced electron-energy
loss spectroscopy. Because extensive disorder is
possible in this system, the potential exists for
development of geothermometers and possibly also
geobarometers based on element distributions be
tween the two sites. However, because natural
spinels are typically very complex in chemistry,
this will require exhaustive calibration studies on
annealed synthetic and natural samples.

In order to assess this potential, qualitative
determinations of cation distributions in a series
of natural samples will be required. Also, qualita
tive determinations of site distributions of Mg, Fe,
AI, and Si in y-Mg 2Si04 may help to clarify
fractionation chemistry in the transition zone of
the mantle.

Ilmenite. The structure of ilmenite (FeTiO) is
an ordered derivative of the corundum (a-alumina)
structure with layers of distinct Fe and Ti oc-

tahedra alternating up the trigonal c-axis. Ilmenite
is a common accessory phase in igneous rocks
from basalts and gabbros to rhyolites and granites.
Compared to spinels, the possible substitutions
are much more limited. Solid solution occurs to
wards the Mg end-member, geikielite (MgTi03 ). A
Mn end-member, pyrophanite (MnTi03 ), is also
known. In addition to Mg and Mn, natural
ilmenites typically contain minor amounts of tri
valent AI, Cr, and Fe. In addition, MgSi03 is
known to have this structure at pressures greater
than about 14 GPa and may also be a major
constituent of the mantle at depths of 500 to 670
km, although Si is not a significant substituent in
common titanate ilmenites.

In ALCHEMI experiments on natural ilmenite
of terrestrial upper mantle origin (pressures of 3-5
GPa), Mn and Mg were found to show preference
for the Fe octahedron, whereas Cr and Al were
preferentially included in the Ti site [12]. Quanti
tative analysis was based on the assumption that
the Ti is fully ordered. A geothermometer based
on the degree of order on Mg. Mn, Cr, and Al in
this structure might well be feasible. Ilmenite is
simple in its structure and major~element chem
istry. If feasible, it would be applicable to a wide
variety of igneous rocks from mantle-derived mafic
and ultramafic rocks, to basalts (especially lunar
basalts), to rhyolites and granites. Assessment of
this possibility will require measurements on
heated and annealed natural or synthetic samples.
In addition, qualitative determinations of minor
element distributions in synthetic silicate ilmenites
would yield useful information about the ge
ochemistry of the transition zone of the mantle.

Perovskite. Perovskite (CaTi03 ) is a relatively
rare mineral that occurs as an accessory phase in
ultrapotassic and ultramafic rocks such as
kimberlites, lamproites, and carbonatites. The
structure has Ca in ten-fold and Ti in octahedral
coordination, but the perovskite structure is prob
ably of greater interest and significance than the
actual mineral. The large Ca site can accommod
ate a variety of impurities such as actinides,
lanthanides, and a range of fission-product ele
ments, and perovskite-structure titanates are im
portant constituents of nuclear waste ceramics.
Natural perovskites are also rich in lanthanides
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Fig. 1. Calculated emission ratios for non-equivalent sites as a function of tilt in a number of minerals. Tilt (horizontal axis) is in
multiples of Bragg angle for the indicated channeling plane for each mineral. Calculations are for a crystal thickness of 900 A. The
large changes in the ratio over a small range in tilt indicates that site preferences can be determined using the ALCHEMI technique.
(a) Perovskite-MgSi03: a plot of the emission ratio for the two non-equivalent sites, nominally Si (octahedral) and Mg (S-fold). (b)
Armalcolite «Mg, Fe)Ti 20 s): a plot of the. emission ratio for the two octahedral sites, Ml and M2. (c) Andalusite (AI 2SiOs): a plot
of the emission ratio for the two Al sites, All (octahedral) and AI2 (S-fold). (d) Epidote (Ca 2(AI, FehSi3012(OH»: a plot of the
emission ratio for the two Ca sites. (e) Akermanite (Ca 2 MgSi 20 1 ): a plot of the emission ratio for the two non-equivalent tetrahedral

sites, Mg and Si. (f) Apatite (Cas(PO.h(OH, F, a»: a plot of the emission ratio for the two Ca sites.
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and may control the abundance and distribution
of these important petrogenetic indicator elements
in some rocks. MgSi03 and CaSi03 adopt this
structure at pressures greater than 20 GPa and are
believed to compose much of the lower mantle of
the Earth (670-2900 km depth). Synthetic cuprates
having related structures have also received much
recent attention.

The intensities of the Si and Mg X-ray emis
sions have been calculated as a function of tilt
away from the (002) planes and presented in fig.
la. Quantitative determinations of minor element
distributions should be possible if complete order
ing of one species can be assumed. Because of the
relative rarity of natural perovskites, however, a
geothermometer based on minor element distribu
tions in this phase would not have a wide applica
bility. Qualitative determinations on synthetic
specimens might be more useful. Determination of
minor element preferences in synthetic silicate
perovskites would clarify many aspects of the
geochemical role of these phases in the chemical
evolution of the Earth. It has been reported based
on a XANES study using synchrotron radiation
that Fe may be disordered in this structure, imply
ing that some Si may be in the larger site [13]. This
conclusion can and should be checked using AL
CHEMI.

Other oxide minerals. We have calculated the
intensity of the channeling effect in several other
oxide structures that contain similar, but non
equivalent, cation sites. We performed the emis
sion calculations for several crystallographic direc
tions in pseudobrookite (Fe2TiOs), armalcolite
(Fe, Mg)Ti 20 s), ferberite (FeW04 ), and bixbyite
(Mn 20 3). Results of the calculations for (020) of
armalcolite are plotted in fig. lb. Ferberite has
strong channeling on (100) and (030), and the two
Mn sites in bixbyite should be distinguishable by
channeling on (020), although only qualitative site
preferences may be determined in these structures
due to the lack of an internal standard.

Pseudobrookite is isostructural with armalco
lite, an abundant accessory phase in lunar basalts,
and channeling calculations yield similar results.
When no ferric iron is present in these samples,
the major element chemistry is relatively simple,
as is the structure with its two non-equivalent

octahedral cation sites, M1 and M2. Lunar
armalcolites typically contain minor AI, Cr, Mn,
Ca, Nb, Si and Zr, and qualitative determination
of the minor element distributions of these ele
ments would help clarify the minor and trace
element fractionation chemistry of armalcolites in
lunar basalts.

3. Orthosilicates

Garnet. Gamet has the general formula
X3Y2Z3012' where X is divalent Mg, Fe, or Ca, Y
is trivalent AI, Cr, or Fe, and Z is tetravalent Si.
Significant disorder of these elements has not been
demonstrated in natural garnets, so that the
potential for geothermometry based on elemental
distributions in garnet is unknown. However, the
site location of some other minor substituents is of
crystal chemical interest. Otten and Buseck [5]
used axial channeling in garnet to determine that
Ti is in the Y (octahedral) site.

Olivine. Mg- and Fe-rich olivines are abundant
constituents of mafic and ultramafic rocks, and
magnesian olivine is believed to be a major con
stituent of the upper mantle at depths of 10 to 400
km. Olivine has the general formula X2Si04 and
the structure has two non-equivalent octahedral
sites, M1 and M2 for the divalent X-cations, Mg,
Fe, Mn, Ni, or Ca and a single tetrahedral site
fully occupied by Si. Ordering of the divalent
cations in this structure has been the subject of
many crystal-chemical studies over the past 15
years. In the abundant Mg-Fe olivines, no con
sistent trends of major-element ordering have been
observed, and these elements appear to be essen
tially completely disordered at all temperatures
over the entire binary composition range. Other
divalent cations, however, appear to exhibit strong
site preferences. Synthetic Ni-Mg olivines show
strong ordering with Ni strongly partitioning into
M1 [14,15]. Mg-Mn olivines are also ordered with
Mn in M2, and monticellite (CaMgSi04 ) has Ca
in M2 [16]. However, olivine with major amounts
of Ni, Mn, or Ca are sufficiently rare that geother
mometry based on intracrystalline distributions in
these species would be of little geological applica
tion.
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The development of ALCHEMI has made it
possible to determine site occupancies of minor
Ni, Mn and Ca at the abundances at which they
occur in the abundant olivines of mafic and ultra
mafic rocks [17]. Smyth and Tafte [18] observed a
redistribution of these minor elements as a result
of thermal annealing. McCormick et al. [19] used
ALCHEMI to determine site occupancies of minor
elements in synthetic Mg-Fe olivines containing
minor Ni, Mn, Ca, and Cr and found no signifi
cant change in distribution of these elements as a
function of temperature of equilibration above
300 0 C, consistent with the earlier results [18].
This appears to indicate that redistribution is rapid
(i.e. the activation energy of the exchange is small),
and if so, there is a possibility that the distri
butions might be used as indicators of cooling
rates in very rapidly quenched rocks.

In addition to ordering of divalent cations on
the M sites, Self and Buseck [4] have shown that P
in a phosphorian olivine of meteoritic origin sub
stitutes for Si in the tetrahedral site.

Aluminosilicates. Kyanite, sillimanite, and
andalusite are the three polymorphs of Al 2SiOs
and present possibilities for the application of
ALCHEMI that are as yet unexplored experimen
tally. These phases are common in meta
morphosed pelitic rocks, and, with a few excep
tions, contain only minor amounts of other ele
ments. The phase diagram for the pure system is
fairly well known, and the presence of these phases
and their petrographic relations have been used
extensively as indicators of temperature-pressure
histories of metamorphic rocks and their terranes.

We have calculated the intensity of the channel
ing effect for several crystallographic directions in
each of these phases, and have found promising
results for sillimanite and andalusite (fig. Ic), but
the complexity of the kyanite structure (four dis
tinct Al and two Si sites) renders application of
channeling in kyanite more limited. The only stong
channeling directions that were identified in
kyanite would permit cation ordering determina
tion between All + Al2 and Al3 + Al4 (e.g. 002,
200, 020) and between Al and Si sites (e.g. 011,
101).

Both andalusite and sillimanite have a single
tetrahedral Si site and two distinct Al sites. In

andalusite, All is octahedral and Al2 is five-coor
dinated. Natural andalusites typically contain
minor « 0.5 wt%) Fe, Cr, and Mn, and a Mn-rich
variety is known to have Mn ordered in All. In
the (002) planes Al2 lies in the same plane as Si,
whereas All lies in between these planes, so if
complete ordering of Si can he assumed, Si can he
used as an internal standard for quantitative site
occupancy determinations. In sillimanite, the
high-temperature form, All is octahedral and Al2
tetrahedral. The alignment of the sites is similar to
that of andalusite in the (002) planes, but since
Al2 is tetrahedral, the possibility exists for AI-Si
disorder that cannot be measured. Still, the poten
tial exists for quantitative determination of the
site distributions of Cr, Fe, and Mn which might
be a useful indicator of temperature-pressure his
tories.

4. Sorosilicates

Epidote. Sorosilicates are silicates containing
discrete Si 207 polyanions. The epidote group has
a general formula Ca2(AI, FehSi3012(OH) and
includes the minerals zoisite, clinozoisite, epidote,
allanite, and hancockite. These minerals are com
mon in metamorphosed calcium-aluminum-rich
rocks. The structures contain two non-equivalent
large-radius cation sites, Al and A2. The A2 site
has an anomalously deep electrostatic potential [6]
and commonly contains significant amounts of
rare-earth elements. Allanite is a rare-earth-rich
variety that occurs in silicic pegmatites.

In order to assess the possibility of determining
cation distributions between the two A-sites, we
calculated the intensity of the channeling effect on
the (200) planes and plotted the emission ratio for
AllA2 in fig. Id. From our calculations, it ap
pears that it would be possible to qualitatively
distinguish cation occupancies of the two sites
using ALCHEMI. The results may help to clarify
the relative effects of cation site size and electro
static potential on rare earth distribution between
the two sites. The structures of these minerals are
probably too complex to offer any reasonable
chance of obtaining quantitative results of cation
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distributions that might be used for petrogenetic
indicators.

Other sorosilicates. We calculated emission
ratios for akermanite (Ca 2MgSi 30 7 ) (melilite
structure) and !l-Mg2Si04 (wadsleyite). The
wadsleyite shows strong channeling but it is dif
ficult to determine occupancies of all three M-sites.
In akermanite, the channeling on (020) planes (fig.
Ie) should yield useful results for cation distribu
tions between the non-equivalent tetrahedral sites.
In this orientation, Si lines up with Ca and alter
nates with Mg, providing an internal standard for
quantifying site occupancies.

5. Chain silicates

Orthopyroxene. Orthopyroxene «Mg, FehSi2
06) is a common phase in mafic and ultramafic
igneous and metamorphic rocks. The orthopyrox
ene structure has two non-equivalent six-fold sites,
Ml and M2, predominantly occupied by Mg and
Fe with minor Ca in M2. The structure also has
two non-equivalent tetrahedral sites. The two six
fold sites are more dissimilar than those of olivine,
and Mg-Fe ordering is observed with Fe prefer
ring M2 and Mg Ml. The thermodynamics and
kinetics of the Fe-Mg distributions have been
studied using Mossbauer spectroscopy [20,21], and
the use of these distributions as a geothermometer
has been demonstrated. It has, however, not
achieved wide application probably due to the
experimental difficulty of the Mossbauer or struc
ture refinement procedures.

ALCHEMI has been used to measure M-site
distributions of Fe, Mg, and Ca [22]. Channeling
planes in the experiment were (020), and results
obtained were consistent with previous studies by
Mossbauer and X-ray structure refinement.

Clinopyroxene. Clinopyroxenes are a chemically
complex group of minerals occurring in a wide
range of igneous and metamorphic rocks from
mafic and ultramafic through silicic compositions.
The C2/c clinopyroxene structure contains two M
sites with M2 being larger than M2 of orthopyrox
ene, and a single tetrahedral site. Despite a struct
ural simplicity, they are chemically much more
complex than orthopyroxene. Typically, natural

clinopyroxenes contain more than ten percent of
at least three and as many as six different end
members. Because the site sizes vary markedly
with composition, the chemical complexity means
that there is little hope of developing a simple
geothermometer based on intracrystalline cation
distributions.

ALCHEMI indeed, has been used to help clarify
some of this chemical complexity. ALCHEMI was
combined with X-ray crystal structure refinement
to locate vacancies in the M2 site of non-stoichio
metric clinopyroxenes of high pressure origin [23].
Based on unit cell volumes as a function of com
position for a series of these stoichiometric and
non-stoichiometric pyroxenes, the density and
molar volume of the hypothetical vacancy-bearing
end-member could be estimated. This work facili
tates an understanding of the role of non-stoichio
metric end-members in the chemical evolution of
the mantle.

6. Framework silicates

Feldspars. Alkali feldspars are among the most
abundant minerals in the Earth's crust; AI-Si
ordering among the tetrahedral sites in these
minerals has been widely applied as a geother
mometer, particularly for silicic igneous rocks. For
unexsolved specimens, the degree of AI-Si order
has been determined from X-ray structure refine
ments (based on average T-0 distance) [2]. The
results have been correlated with unit cell di
mensions and optical properties so that these easily
measured parameters can be used to infer degree
of AI-Si ordering and hence cooling history of the
rock.

ALCHEMI has also been used to infer site
distributions of Al and Si in feldspars, and results
were consistent with cell dimension determination
[24]. However, ALCHEMI was only able to dis
tinguish between two tetrahedra, whereas four dis
tinct tetrahedra are present in triclinic alkali
feldspars and as many as 16 for calcic plagioclase,
so in this instance ALCHEMI offers few ad
vantages over other methods for homogeneous
samples. Feldspars are rarely homogeneous, how
ever, and a recent study has demonstrated the
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possibility of determining AI-Si ordering in 'com
plexly exsolved alkali feldspars [25]. Also, where
other minor elements are present such as ferric
iron in some volcanic sanidines, ALCHEMI may
prove useful for homogeneous samples as well.

7. Phosphates and carbonates

Apatite (Cas(P04 h(OH, F, Cl) is a common
accessory phase in igneous rocks from mafic to
silicic in composition. The phase is an important
host for lanthanides, and fractionation of apatite
can have a major impact on lanthanide distribu
tions in these rocks. The structure has two non
equivalent Ca sites, and it would be of crystal
chemical interest how the two sites may partition
lanthanides.

We have calculated the intensity of secondary
X-ray emission as a function of tilt about the (002)
and (030) planes (fig. If). Parallel to (002), Ca2
sites and P lie on planes alternating with Cal,
allowing P to be used as an internal standard in
the quantitative determination of minor element
distributions between the two Ca sites.

Dolomite. Dolomite (CaMg(C03h) is an abun
dant mineral in sedimentary rock sequences, and
occasionally occurs in low-temperature hydrother
mal deposits and metamorphic rocks. Its structure
is somewhat similar to that of ilmenite in that Ca
and Mg octahedra alternate in layers up the trigo
nal c-axis. ALCHEMI has been used to determine
site distributions of minor Mn and Fe in a natural
hydrothermal dolomite [12). This distribution has
some potential as a geothermometer applicable to
low-temperature sedimentary rocks. Dolomite is a
common mineral, and it has limited major-ele
ment chemistry. In order to assess its potential as
a geothermometer, the free energy and activation
energy of the exchange will have to be measured
experimentally by determining minor element site
distributions in experimentally annealed samples.

8. Conclusions

We have reviewed applications of ALCHEMI
that have been made to date in the Earth Sciences

and, based on our recent survey of cation sites in
rock-forming minerals, explored a few possibilities
of further potential applications. Qualitative de
terminations of major and minor element site dis
tributions in minerals may be performed on a
great many structures and are of use in under
standing the crystal chemistry and minor and trace
element chemistries of these minerals. Quantita
tive determinations of site distributions of major
and minor elements are also possible by AL
CHEMI, and may be used as indicators of tem
perature and pressure histories of rocks. In order
for these distributions to be calibrated as useful
geothermometers, the mineral should be fairly
simple in its structure (i.e. have a limited number
of available sites) and in its major-element chem
istry (i.e., be at most a binary solid solution), and
occur in a wide variety of rocks. According to the
criteria interesting possibilities for geothermome
ters exist in ilmenite, dolomite, and olivine. As yet
unexplored possibilities also exist in the alumino
silicates, sillimanite and andalusite.
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