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Preface

The second volume of this series consists of three parts. Part I focuses on the
research on intracrystalline reactions. This work, which began nearly two
decades ago, is critically reviewed by Ghose and Ganguly in Chapter 1.
Besides the review, the authors include some of their previously unpublished
work to demonstrate how future research could aid in obtaining data on
thermodynamics of solid solutions and in understanding the cooling history of
igneous and metamorphic rocks. The latter is also the theme adopted by Kretz
in the second chapter, which examines the redistribution of Fe and Mg in
coexisting silicates during cooling. Chapter 3 contains new data on Fe-Mg
distribution in clinopyroxenes. Dal Negro and his co-authors have selected a
series of clinopyroxenes from volcanic rocks and present site occupancy data
on several clinopyroxenes of intermediate compositions. The data set has not
been published before and is the first of its kind.

Part II of this book begins with a chapter on melts by Gaskell, who explores
the relationship between density and structure of silicate melts. This is
followed by the synthesis of data generated in the U.S.S.R. by Shmulovich
and his co-authors on fluids. Blencoe, Merkel and Seil present a thorough
analysis of the phase equilibrium data on feldspars coexisting with fluids in
the third chapter in this part.

The last part of the book contains two chapters on thermodynamic methods
of calculating phase equilibria, one chapter on the critical analysis of Gibbs
free energy of formation of substances in laterites and bauxites, and two
chapters on crystal-chemistry presenting new data on pyroxenes and perovs-
kite.

This volume, with the reviews of many current topics and the new crystal-
chemical and thermodynamic data, should be very useful to geochemists,
geophysicists, and other material scientists. The help of Alex Navrotsky, D.
Kerrick, R. Kretz, E. Busenberg, R. C. Newton, J. Ganguly, S. Ghose, J.
Blencoe, G. Rossi, L. Ungeretti, and R. F. Mueller in reviewing one or more
chapters is gratefully acknowledged.

S. K. SAXENA
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I. Ferromagnesian Silicates:
Order—Disorder, Kinetics,
and Phase Equilibria



Chapter 1

Mg-Fe Order—Disorder in
Ferromagnesian Silicates

S. Ghose and J. Ganguly

Introduction

Intracrystailine distribution in silicates has been a subject of interest among
geochemists since the classical work of Goldschmidt (1954)." The phenome-
non of strong Fe?* ~Mg ordering in two of the common rock-forming ferro-
magnesian silicates, pyroxenes and amphiboles, was discovered in the early
sixties through single-crystal X-ray diffraction study. Soon thereafter, the
possibility of rapid determination of intracrystalline Fe’* -Mg distributions
through the newly discovered technique of Méssbauer resonance spectroscopy
attracted the attention of a number of mineralogists and petrologists, because
such distributions are related to the thermodynamic mixing properties of the
Fe?* and Mg-end member components, which are necessary for phase equi-
librium calculations, and also to the cooling history of rocks. The purpose of
this work (Parts I and II) is to critically review and synthesize the various
contributions made in this field in the last two decades. We also include some
of our own results, which are presented here for the first time. The crystal-
chemical details, which are necessary to understand the atomic forces govern-
ing the Fe?’* —Mg distribution in ferromagnesian silicates, as well as the
experimental techniques commonly utilized to determine Fe** -Mg distribu-
tion, are reviewed in Part I (Ghose). Part IT (Ganguly) deals with the
thermodynamics and kinetics of Fe’* —-Mg order—disorder and their applica-
tion to geologic problems. Hopefully, this review will stimulate further interest
in the subject and provide directions for future work.

1Goldschmidt, V. M. (1954) Geochemistry. Clarendon Press, Oxford.



I. Crystal Chemistry (S. Ghose)

Rationale for Mg-Fe Ordering

In ferromagnesian silicates with nonequivalent divalent cation sites, Fe** —
Mg?* ordering is the rule rather than the exception. Intracrystalline site
partitioning of Fe’* and Mg?* depends on the intrinsic differences of the
electronic structures of these two ions and the stereochemical differences of
the crystallographic sites. In contrast to Mg?*, Fe?* possesses six d-electrons
and is a transition metal ion with distinct electronic and magnetic properties.
The electronic configurations of the high-spin and low-spin Fe?* are shown in
Fig. 1. Under conditions prevalent in the Earth’s crust and the upper mantle,
Fe?* in oxides and silicates is known to exist in the high-spin state only. The
charge density distribution within the Fe?* ion is pronouncedly anisotropic
due to the six d-electrons present. As a result, within a crystal where the Fe?*
ion is surrounded by a regular octahedron of six ligands such as oxygen, the
energy levels of the five d-orbitals are no longer degenerate and split up into
two levels e, and #,, containing two and four d-electrons, respectively. The
energy differences between these two levels is called the crystal field splitting,
Ay. The three 1,, orbitals are lowered by %A, below and the e, orbitals are
raised by 34, above the baricenter. Each electron occurring in a ¢,, orbital
stabilizes a transition metal ion by £4A,, whereas for each electron occurring in
an e, orbital, the stability is decreased by 24,. The net gain in stabilization
energy is called the crystal field stabilization energy (CFSE) (see Burns
(1970)). If the coordination octahedron is distorted from the regular octahe-

dral symmetry, the twofold and threefold degeneracy within the e, and 1,

FERROUS FERRIC
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g |+
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EX
444+
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Fig. 1. Electronic configuration of the Fe** ion in octahedral coordination.
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levels respectively, may be lifted, such that their respective mean energy is
unaffected. If two octahedral sites are distorted to different degrees from
octahedral symmetry, the Fe’* ion is expected to be stabilized in the more
distorted site due to a net gain in CFSE (Burns, 1970; Walsh ez al., 1974). The
crystal field theory is based strictly on electrostatic considerations, where Fe?*
and the ligand ions (O?~) are considered to be point charges. The observed
crystal field parameters, however, cannot be accounted for by point charge
calculations; this discrepancy is due to the neglect of the covalency effects
(Varret, 1976). From superhyperfine splitting of the electron spin resonance
spectra of transition metal ions in silicates and magnetic spin density studies
of transition metal compounds by polarized neutrons, there is abundant
evidence that the d-electrons in transition metal ions are considerably deloca-
lized and spend a considerable part of their time on ligand orbitals (Tofield,
1975, 1976; Forsyth, 1980). On the other hand, MgO and Mg-O bonds are
considered to be completely ionic or nearly so. Hence, covalency effects in
Fe-O bonds as opposed to the Mg—O bonds have to be seriously considered
in ferromagnesian silicates. The Mossbauer isomer shifts of Fe?™ in different
crystallographic sites offer a measure of the s-electron density at the nucleus,
i.e., a degree of the covalency of the Fe-O bonds in these sites. Distinct
differences in the isomer-shift values for Fe?* in different crystallographic
sites in a crystal indicate different degrees of covalency in the Fe—O bonds at
these sites. This difference in the degree of covalency is a strong stabilization
factor in the site partitioning of Fe’* as opposed to Mg?™" in ferromagnesian
silicates (Ghose, 1961, 1965a; Burnham et al., 1971; Hafner and Ghose, 1971;
Ghose and Wan, 1974; Ghose et al., 1975, 1976). Finally the small ionic size
difference between Mg?* (0.72 A) and Fe?* (0.78 A) (Shannon and Prewitt,
1969) may be a factor in Fe—Mg site partitioning in ferromagnesian silicates
(Ghose, 1962).

Crystal Chemistry of Ferromagnesian Pyroxenes,
(Mg, Fe),51,04

General Considerations

The most common ferromagnesian pyroxenes are the orthopyroxenes
(Mg, Fe),Si,0,, which crystallize in the space group Pbca, and span the entire
range of Fe-Mg compositions. Magnesium-rich pyroxenes, containing up to
13 mol% Fe,Si,0, crystallize in the space group Pbcn at high temperatures;
these are known as protopyroxenes. The low calcium clinopyroxenes
(clinohypersthene and pigeonite with up to 15 mol% Ca,Si,O4 component) are
metastable at room temperature. They crystallize in the space group P2,/c at
low temperature, and show a rapid reversible phase transition at high tempera-
ture to C2/c. The high calcium pyroxenes crystallize in the space group
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C2/c. The unit cell dimensions of Mg,Si,O4 and Fe,Si,O¢ polymorphs and
low calcium pyroxenes are shown in Table 1.

The crystal structures of all pyroxene polymorphs are characterized by
corner-sharing single silicate chains and bands of (Fe, Mg)-O octahedra. The
silicate chains are packed together in slabs parallel to the (100) plane. The
apical oxygens of the silicate tetrahedra point in opposite directions normal to
the (100) plane. The surface layers of these silicate chain slabs consist of
oxygen atoms in imperfect hexagonal close packing. Between two such surface
layers belonging to two adjacent silicate slabs occur octahedral holes, which
contain the (Mg, Fe) ions. Successive silicate slabs may be related to each
other by a glide plane parallel to (100), the glide component being 4 ¢ parallel
to [001]. The glide component may operate in the + or — z-direction. Since
the glide plane runs through the (Mg, Fe)-O octahedra, successive silicate
chains may be stacked in two ways. In protoenstatite the displacement is
alternatively in + and — directions (+ — + —); in clinohypersthene and
pigeonite (both C2/c¢ and P2,/c space groups) always in the same direction
(+ ++ + or — — — —); and in orthopyroxene in alternate pairs, two in one
way and two in the other way (+ + — —) (Brown, Morimoto, and Smith,
1961). High-resolution electron microscopy of orthopyroxenes indicate that
fine lamellae of clinopyroxene quite commonly occur as mistakes in the
stacking sequence of successive silicate layers parallel to (100) (lijima and
Buseck, 1975; Buseck and lijima, 1975).

Following Thompson (1970), Papike et al (1973) have considered the
polymorphism in pyroxenes in terms of the stacking sequences of the close-
packed oxygen layers, which result in two different types of tetrahedral
rotations. In O and S rotations, the tetrahedra in the chains rotate so that the
triangular faces are oppositely (O) or similarly (S) directed to the triangular
faces of the octahedral strip (both parallel to the (100) plane) to which they
are linked. The Pbca structure has only O-rotations, whereas the P2,/c
structure has both O- and S-rotations. The basic structural unit of pyroxenes
can be considered as an I-beam in allusion to the appearance of the
tetrahedral-octahedral-tetrahedral sandwich unit when projected down the
c-axis (Fig. 2). The four known pyroxene polymorphs can be schematically
represented by means of these I-beam diagrams (Fig. 3). The “tilt” of the
octahedral faces are indicated as + or —; 4 and B in P2,/c and Pbca
structures indicate that the tetrahedral chains above and below the octahedral
strip are symmetrically different. The O and S indicate the O- and S-rotations
of the tetrahedra with respect to the octahedral strip. The stacking sequence of
the silicate layers with respect to the octahedral cations (called octahedral
stacking sequence by Papike er al. (1973)) within each polymorph can be
determined by noting the “tilt” “+” or “— of the octahedra within the
I-beams along the a-axis.

In all pyroxene polymorphs, there are two distinct octahedral sites, M1 and
M2, which occur in the ratio 1: 1. Their multiplicities per unit-cell and point
symmetries within the different polymorphs are shown in Table 2. The M2 site
is more distorted than M1, and strongly prefers Fe?*. The strong preference
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Fig. 2. Crystal structure of diopside projected down the ¢ axis, showing the
tetrahedral-octahedral-tetrahedral sandwich unit (I-beam) (after Cameron and Pa-
pike, 1981).

of Fe?* for the distorted octahedral M2 site in orthopyroxene and pigeonite
were first observed by Ghose (1960, 1962, 1965a) and Morimoto ef al. (1960)
respectively.

Orthopyroxenes

The orthopyroxene crystal structure is characterized by two crystallographi-
cally distinct single silicate chains, A and B, the latter being more distorted
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Fig. 3. I-beam representation of the four pyroxene polymorphs (after Papike et al.
1973).

Table 2. Multiplicities and site symmetries of the octahedral cation sites
in pyroxene space groups.

Space Group Site Multiplicity Point Symmetry

Pbca Ml 8 1

M2 8 1

Pbcn Ml 4 2

M2 4 2

P2,/c M1 4 1
M2 4 1

C2/c Ml 4 2
M2 4 2
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~
20
209 50812

Fig. 4. Projection of the orthopyroxene structure down the ¢ axis (modified from
Ghose, 1965a).

than the former (Fig. 4). The M1 and M2 octahedra form a zigzag edge-
sharing two-octahedral band running parallel to the c-axis. The M1 octahe-
dron is nearly regular; the average M1-O distance ranges from 2.075 A in
enstatite to 2.135 A in ferrosilite. The M1 site occurs in the interior of the
double octahedral band and corresponds to the Mg-position in diopside. The
M1 site can accept small divalent or trivalent cations such as Mg?*, Fe?t,
Ni2*, Co**, AP*, Fe’™, etc. Four of the oxygen atoms (01A, 01B) bonded to
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M1 are charge balanced according to Pauling’s electrostatic valence rule
(Pauling, 1960), because each of them is bonded to one silicon and three
divalent cations each. The two other oxygen atoms (O2B) are slightly charge
deficient because each of them is bonded to one silicon and two divalent
cations, one M1 and one M2. The M2 position lies on the exterior of the
octahedral band and corresponds to the Ca position in diopside. It plays a
special role in the pyroxene structure insofar as it links one I-beam with two
adjacent I-beams (Fig. 4). In the M2 octahedron four oxygen atoms are in
their regular octahedral positions (O1A, O1B, O2A, O2B) with average M-O
distances of 2.042 A in enstatite and 2.076 A in ferrosilite; two others (O3A,
O3B) are much farther away (M2-O3A 2.290 A (En)-2.460 A (Fs); M2-O3B
2447 A (En) 2.600 A (Fs)) (Table 3). The latter two oxygen atoms are further
shared between two silicon atoms each; hence, these two oxygen atoms are
overbonded. In all orthopyroxene structures the two charge deficient oxygen
atoms, O2A and O2B, are very closely bonded to M2. The M2-O2A and
M2-O2B distances are 2.032 and 1.992 A in enstatite and 2.024 and 1.994 A in
ferrosilite respectively. These distances are very similar in clinoenstatite and
clinoferrosilite and are apparently independent of chemical substitution of
Mg?* by Fe?* and temperature (Smyth, 1973). They are considerably shorter

Table 3. Bond lengths (A) within the M1 and M2 polyhedra in orthopyroxenes.

Hybersthene®  Eulite®
Enstatite®  Fe?*:0.190(1) Fe:0.743(3) Ferrosilite
M1 Site Occupancy Mg?*:1.00  Mg:0.810  Mg:0.257 Fe?*:1.00

MI-O1A 2.151(1) 2.156(1) 2.178(2) 2.195(3)
-O1A® 2.028(1) 2.040(1) 2.076(2) 2.085(3)
-OIB 2.171(1) 2.177(1) 2.186(2) 2.194(3)
-O1B* 2.065(1) 2.072(1) 2.106(2) 2.124(3)
-02A 2.006(1) 2.034(1) 2.086(2) 2.090(3)
-02B 2.047(1) 2.073(1) 2.106(2) 2.124(3)

Mean 2.078 2.092 2.123 2.135

Fe?*:0.604 (1) Fe?*:0.957
M2 Site Occupancy Mg?*:1.00 Mg?+:0.396 Ca:0.043  Fe**:1.00

M2-O1A 2.089(1) 2.141Q2) 2.1612) 2.158(3)
-O1B 2.056(1) 2.102(1) 2.13002) 2.12903)
-02A 2.032(1) 2.043(1) 2.035(2) 2.024(3)
-02B 1.992(1) 1.990(1) 1.997(2) 1.994(3)
-03A 2.290(1) 2.353(1) 2.444(2) 2.460(3)
.03B 2.447(1) 2.510(1) 2.576(2) 2.600(3)

Mean 2.151 2.190 2.224 2.228

2Ghose et al. (1980), synthetic.

YGhose et al. (1975) and Ghose ez al. (1982), synthetic Fey70Mg, »,S1,06.
°Burnham et al. (1971).

dSueno et al. (1976), synthetic Fe,Si,Og.
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than the sum of the ionic radii of Mg?* and 0%~ (2.12 A) and Fe?* and
0%~ (2.18 A) (Shannon and Prewitt, 1970). Ghose (1965a) considered these
bonds to be highly covalent. Note that the degree of deviation of the observed
Fe’* O bond length from the sum of the corresponding ionic radii is
considerably more than that of the Mg?* —O bond length at the M2 site. The
higher degree of covalent bonding of Fe?* at the M2 site compared to the M1
site has been confirmed by the smaller Mdssbauer isomer shift of Fe?* at the
M2 site (Evans, Ghose, and Hafner, 1967; Burnham et al, 1971). Ghose
(1965a) advanced the idea that the greater degree of covalency of the Fe?* —O
bond at the M2 site is the driving force for the strong Fe?* site preference for
the M2 site in orthopyroxenes. Burns (1970) determined the difference of the
crystal field stabilization energies (CFSE) for Fe’* at the M1 and M2 sites
from optical absorption spectra to be 0.2-0.3 kcal /mole. However, the Gibbs
free energy difference of intracrystalline Fe’* -Mg?* exchange has been
estimated to be 3.6 and 2.5 kcal/mole based on the ideal and regular solution
models for Fe-Mg mixing at the M1 and M2 sites respectively (Virgo and
Hafner, 1969; Saxena and Ghose, 1971). Hence, the difference in CFSE
determined by Burns (1970) is completely inadequate to explain the observed
site preference of Fe’* in orthopyroxenes (Ghose, 1970; O’Nions and Smith,
1973). The inadequacy of the crystal field theory stems from the fact that it
ignores completely the possibility of covalent bonding between the ligands and
the transitional metal ions. O’Nions and Smith (1973) have presented a
schematic molecular orbital model for Fe?* at the M1 and M2 sites. However,
what is urgently needed is an ab initio molecular orbital calculation based on a
large enough cluster of M1 and M2 octahedra and silicate tetrahedra to
determine the relative energies of Mg?* and Fe?* at the M1 and M2 sites.

Low Calcium Clinopyroxenes: The P2,/c to C2/c Transition

The high calcium pyroxenes (diopside, augite) crystallize in the space group
C2/c¢, whereas the low calcium clinopyroxenes (clinohypersthene, pigeonite)
crystallize in the space group P2,/c at low temperature and C2/c at high
temperature (Morimoto, 1956; Bown and Gay, 1957). In high calcium (C2/¢)
clinopyroxenes, there is only one crystallographically distinct silicate chain
and the M2 site is eight-coordinated, which is mostly occupied by calcium. In
low calcium P2,/c clinopyroxenes, the twofold rotation axis is lost and,
therefore, the silicate chains on either side of the octahedral cations are no
longer equivalent. Like in orthopyroxenes, the more distorted silicate chain is
called B and the less distorted one A. The M2 site is six-coordinated and is
distorted in the same way as in orthopyroxenes (Table 4).

The P2,/c to C2/c transition temperature in low Ca pyroxenes depends on
the Ca and Fe content, being about 1000°C for the magnesium-rich pigeonites
and about 500°C for very iron-rich pigeonites (Prewitt et al, 1971). The
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Table 4. Bond lengths (A) within the M1 and M2 polyhedra in low-Ca

clinopyroxenes.
Clinohypersthene®
Site Occupancy  Clinoenstatite® Mg:0.497(4) Clinoferrosilite®
M1) Mg:1.00 Fe:0.503 Fe:1.00
MI1-O1A 2.142(1) 2.155(3) 2.199(7)
-Ol1A’ 2.032(1) 2.074(2) 2.102(5)
-O1B 2.178(1) 2.187(3) 2.200(6)
-O1B’ 2.067(1) 2.088(2) 2.126(5)
-02A 2.006(1) 2.065(2) 2.082(6)
-02B 2.042(1) 2.094(2) 2.113(6)
Mean 2.078 2.111 2.137
Mg:0.134
Site Occupancy Fe:0.834
M2) Mg:1.00 Ca:0.032 Fe:1.00
M2-O1A 2.090(1) 2.156(3) 2.159(7)
-O1B 2.053(1) 2.121(2) 2.136(6)
-02A 2.034(1) 2.029(2) 2.032(5)
-02B 1.987(1) 2.002(2) 1.985(5)
-0O3A 2.279(1) 2.394(3) 2.444(5)
-O3B 2.412(1) 2.543(3) 2.587(6)
-0O3B’
Mean of 6 2.143 2.208 2.224

3QOhashi and Finger (1976), synthetic Mg,Si,O¢.
bSmyth (1974), Cag 0sMgo ¢2F e 3451,06-
°Burnham (1966), synthetic Fe,Si,O.

reversible structural changes accompanying the phase transition in clinohy-
persthene (Smyth and Burnham, 1972; Smyth, 1974) and pigeonite (Brown et
al., 1972) are primarily caused by the straightening out of the two crys-
tallographically distinct silicate chains, such that they become crystallographi-
cally identical above the phase transition (Fig. 5). Simultaneously, the coordi-
nation of the M1 and M2 sites becomes more symmetrical, each of them
possessing a twofold rotation axis as point symmetry above the transition.
Thus, in C2/c pyroxenes, there is only one set of M-O bond distances as
compared to two sets in P2,/c pyroxenes in each of these coordination
polyhedra. The characteristics of the M2 coordination remain essentially the
same above the transition, namely, four oxygen atoms close to their regular
octahedral positions and two farther oxygen atoms shared by two silicon
atoms each complete the distorted octahedron (Table 5). Hence, the site
preference of Fe?* for the M2 site is not expected to be affected much by the
changes in the crystal structure due to the phase transition. In pigeonites,
where the M2 site is partially blocked by Ca, the site preference of Fe?* for
the M2 site will be a function of the calcium content as well because of the
stereochemical effect of the Ca ions on the coordination of the M2 site.
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_B CHAIN

Fig. 5. (c) Atomic movements involved in the low to high pigeonite transition.

Protoenstatite

Although no Mg-Fe determination in protoenstatite has yet been undertaken
because it is only stable at about 1000°C, it is worthwhile to consider the
crystal chemistry of this phase with respect to the possible site preference of
Fe’* between the two octahedral sites M1 and M2. Two refinements of the
protoenstatite structure have been undertaken at high temperatures (Sadanaga
et al., 1969; Smyth, 1971). The accuracy of these determinations is quite low
and the bond distances are not reliable. We base our discussion on an
accurate determination of the structure of a Li-Sc-Mg protopyroxene with
the composition Lij,Sc, Mg, sSi,0¢, which is stable at room temperature
(Smyth and Ito, 1977). The lithium and scandium atoms are ordered in the
M2 and M1 sites respectively.

As in the other pyroxene polymorphs, in protoenstatite the M1 and M2
octahedra form an edge-sharing zigzag two-octahedral band (Fig. 6). The M2
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Table 5. Bond lengths in low Ca-clinopyroxenes below and above the P2,/c
— C2/ ¢ phase transition.

Mull Pigeonite® Clinohypersthene®
24°C 960°C 700°C 760°C
M1 Site Mg: 0.702(5) Mg: 0.613(14) Mg: 0.524 Mg: 0.521
Occupancy Fe: 0.298 Fe: 0.387 Fe: 0476 Fe: 0479
MI1-O1A 2.159(3) 2.229(7) 2.235(9) 2.257(8)
-01A’ 2.054(3) 2.062(6) 2.039(8) 2.081(8)
-O1B 2.173(3) 2.229(7) 2.217(9) 2.257(8)
-O1B’ 2.074(3) 2.062(6) - 2.085(8) 2.081(8)
-02A 2.048(3) 2.078(8) 2.070(8) 2.090(8)
-02B 2.075(3) 2.078(8) 2.136(8) 2.090(8)
Mean 2.097 2.123 2.134 2.143
Mg: 0.078 Mg: 0.167 Mg: 0.112 Mg: 0.115
M2 Site Fe: 0.742 Fe: 0.653 Fe: 0.857 Fe: 0.853
Occupancy Ca: 0.180 Ca: 0.180 Ca: 0.032 Ca: 0.032
M2-O1A 2.168(3) 2.176(7) 2.108(9) 2.146(8)
-O1B 2.140(3) 2.176(7) 2.225(10) 2.146(8)
-02A 2.071(3) 2.081(7) 1.987(10) 1.997(8)
-O2B 2.035(4) 2.08(7) 1.990(9) 1.997(8)
-03A 2.460(4) 2.656(8) 2.504(11) 2.682(9)
-O3B 2.663(4) 3.173(8) 2.833(12) 3.24509)
-O3B’ 2.935(4) 2.656(8) 2.926 2.682(9)
-03A’ 3.407(4) 3.173(8) — —
Mean of 6 2.256 2.304 2.275 2.368
Mean of 8 2.485 2.521 2.290 2.275

2Brown et al. (1972).
>Smyth (1974).

Fig. 6. Octahedral band of M1 and M2 octahedra in protoenstatite (after Smyth,
1971).
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Table 6. M-O bond distances (10\) in protoensta-
tite, Mg,Si,0, at 1100°C and protopyroxene,
LiO.lSCO.lMgI.SSi206 at RT.

Protoenstatite® Protopyroxene®

Mg: 0.9
M1 Site Occupancy Mg: 1.0 Sc: 0.1
(xX2) Mi1-01 2.15(2) 2.085(4)
(X2) -or 2.30(2) 2.199(4)
(X2) -02 2.102) 2.003(4)
Mean 2.18 2.096
Mg: 0.9
M2 Site Occupancy Mg: 1.0 Li: 0.1
(X2) M2-01 2.07(2) 2.086(4)
(X2) -02 2.06(2) 2.078(4)
(X2) -03 2.28(2) 2.393(4)
Mean 2.12 2.186

#Protoenstatite, Mg,Si,Oq: Smyth (1971).
5 Protopyroxene, Liy Scy Mg §81,06: Smyth and Ito
(1977).

octahedra occur on the exterior of this band and are considerably more
distorted than the M1 octahedra (Table 6). The M2 coordination is sixfold
(4 + 2), where two farthest oxygen atoms (O3) are bonded to two silicon
atoms each and have their charges satisfied. There is a possibility of consider-
able covalent bonding of M2 with O2, which is slightly charge deficient, being
bonded to one silicon and two divalent cations. Furthermore, the M2 octahe-
dron is much larger (average M-O distance = 2.186 A) than the M1 octa-
hedron (average M-O distance = 2.096 A). On the basis of these crystal
chemical features, we predict that Fe?* will be preferred in the M2 site in
protoenstatite, although within its stability field the degree of the Fe?* site
preference may not be as strong as in orthopyroxene.

Crystal Chemistry of Ferromagnesian Amphiboles,
(Mg, Fe),S1;,0,,(0OH),, and Other Pyriboles

General Considerations

There are many similarities between pyroxene and amphibole structures. The
most common iron-rich ferromagnesian amphiboles cummingtonite and
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grunerite are monoclinic, which crystallize in the space group C2/m (or
I12/m). The magnesium-rich amphiboles may crystallize metastably as a
monoclinic phase (space group P2,/m) or stably as an orthorhombic phase,
anthophyllite, with the space group Pnma. The protoamphibole, with the
space group Pnmn is only known as a synthetic product (Gibbs, 1969). The
unit cells and space groups of amphiboles and other pyriboles are shown in
Table 7.

The structures of all ferromagnesian amphiboles are based on double
silicate chains, two of which sandwich between them Fe?* and Mg?™ cations
in octahedral coordination. The resulting octahedral bands are alternately
three and four octahedra wide and the silicate chains occur back to back, both
components running parallel to the c-axis. As in pyroxenes, when projected
down the c-axis, the tetrahedral-octahedral-tetrahedral unit (T-O-T unit) has
the appearance of an I-beam. The different octahedral stacking sequences give
rise to the four different amphibole polymorphs (Fig. 7). Note that each
pyroxene polymorph has an amphibole analog, the only difference between
the corresponding polymorphs being the width of the I-beams; the amphibole
I-beams are roughly twice in width compared to those in pyroxenes. The new
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Fig. 7. I-beam representation of four amphibole polymorphs (after Papike and Ross,
1970).
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ferromagnesian pyribole structures, jimthompsonite and clinojimthompsonite,
based on triple silicate chains and chesterite and its monoclinic analog based
on alternating double and triple silicate chains can also be represented by
similar I-beam diagrams (Veblen et al., 1977) (Fig. 8). Note that all the
orthopyriboles (orthopyroxene, orthoamphibole, jimthompsonite, and

Table 8. Multiplicities and point symmetrics of octahedral cation sites in amphiboles
and other pyriboles.

Name Space Group Site Multiplicity Point Symmetry

Anthophyllite Pnma Ml 1
M2
M3
M4

oo A 00 o0

1
m
1

P-Cummingtonite P2,/m Ml
M2
M3
M4

NN
—_3 = -

C-Cummingtonite C2/m Ml
M2
M3
M4

SN R

Protoamphibole Prnmn Ml
M2
M3
M4

BN S I S N
(3]
~
3

Jimthompsonite Pbca Ml
M2
M3
M4
M5

o0 00 OO0 00 OO
ok kot

Clinojimthompsonite C2/c M1
M2
M3
M4
M5

A n
DN

Chesterite A2im, MTI1
MT2
MT3
MT4
MTS5
MD1
MD2
MD3
MD4

OO0 4 OO OO0 OO OO0 OO OO OO
—_F e e e e
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chesterite) have the same octahedral stacking sequence (+ 4+ — —), whereas all
the clinopyriboles (clinopyroxene, clinoamphibole, clinojimthompsonite, and
the monoclinic analog of chesterite) have the same octahedral stacking se-
quence (+ + + +) or (— — — —). The chemical and structural analogies of the
different pyroxene, amphibole, and other pyribole phases are not fortuitous,
but depend strictly on the similarity of the structural components and the way
they are linked within each structure. One of the most significant structural
consequences of these phenomena is the fact that irrespective of the pyribole,
there are two types of octahedral sites within the octahedral band: regular
octahedral sites within the interior of the band (M1 in pyroxene; M1, M2, M3
in amphibole; M1, M2, M3, M4 in jimthompsonite) and a highly distorted
octahedral site on the exterior of the band (M2 in pyroxene; M4 in amphi-
bole; M5 in jimthompsonite). It is always the highly distorted octahedral site,
which strongly prefers Fe?* over Mg?*. The chemical bonding characteristics
of the Mg?* —Fe?* cations in this site are closely comparable in all the
structural homologs. The multiplicities and site symmetries of M-cation sites
in amphibole and other pyriboles are listed in Table 8. In all amphibole
polymorphs the M2 and M4 sites have six oxygen atoms each as ligands,
whereas the M1 and M3 sites have four oxygen atoms and two (OH) ions each
as ligands. The strong site preference of Fe?* for the M4 site in cum-
mingtonite was first determined by Ghose (1961), who predicted a similar site
preference in anthophyllite (Ghose, 1965b), subsequently confirmed by
Bancroft et al. (1966) and Finger (1970a). The strong site preference of Fe?*
for the MS5 site in jimthompsonite and clinojimthompsonite and the MD4 and
MTS5 sites in chesterite were determined by Veblen and Burnham (1978b),
who also determined their crystal structures.

Anthophyllite

Anthophyllites are magnesium-rich and may contain up to about 27 mol% of
the Fe component (Rabbit, 1948), whereas cummingtonites including “prim-
itive” cummingtonites are mostly Fe-rich, but extend at least to 86 mol% of
the Mg component (Rice et al., 1974) with a substantial range of composi-
tional overlap with anthophyllites. In comparison with cummingtonites,
anthophyllites usually contain more aluminum and less calcium. The very
aluminum-rich orthoamphibole, gedrite, which also contains considerable
amounts of sodium in the A-site is not strictly a ferromagnesian amphibole
and will not be treated here (Papike and Ross, 1970). The stability relations
between the orthoamphiboles and clinoamphiboles have not been clearly
established. A low-pressure temperature—composition diagram for the cum-
mingtonite to anthophyllite transformation is given by Mueller (1973), based
on the common occurrence of cummingtonite in low to intermediate grade
metamorphic iron formation, where anthophyllite is considered to be the
high-temperature phase separated from cummingtonite by a narrow region of
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two-phase assemblage. On the other hand, based on crystallographic studies of
exsolution and phase transition in cummingtonites, Ross, Papike and Shaw
(1969) and Prewitt, Papike and Ross (1970) postulated that “a C2/m amphi-
bole containing Ca and Mg (or Fe?*) at the M4 site, which is stable at high
temperature with respect to anthophyllite, on cooling unmixes sufficient calcic
clinoamphibole to place its composition in the stability field of anthophyllite.”
Because of kinetic barriers quite often inversion is prevented and the P2,/m
cummingtonite as a metastable phase is obtained. Evans et al. (1974) studied a
primitive cummingtonite from Ticino, Switzerland which showed partial inver-
sion to anthophyllite and a small amount of exsolution of tremolite. This
situation is closely comparable to the case of pigeonite, which on cooling
exsolves augite lamellae and then inverts into orthopyroxene (cf. Ghose et al,,
1973).

The orthoamphibole structure is illustrated in Fig. 9. As in orthopyroxenes,
it is characterized by two crystallographically distinct silicate chains, A and B,
the latter being more distorted than the former. The M1, M2 and M3
octahedra have average M-O distances of 2.084, 2.076, and 2.070 /c\, respec-
tively. The M4 cation is effectively five-coordinated, where four oxygen atoms
are at distances of 2.081 + 0.085 A, with a fifth one at 2.387 A; two further
oxygens at 2.865 and 2.867 A may be considered as part of the coordination
sphere (Finger, 1970a) (Table 9). In conformity with the prediction made by
Ghose (1965b), in anthophyllite the M1 and M3 sites have nearly the same
(Mg, Fe?*) content, whereas the M2 site is enriched in Mg and the M4 site by
Fe?* as determined by X-ray diffraction (Finger, 1970a). This scheme of
cation distribution in anthophyllite has been confirmed by infrared and
Méssbauer resonance spectroscopy (Bancroft et al., 1966; Seifert and Virgo,
1974).

Primitive Cummingtonite and the P2,/m—> C2/m
Phase Transition

As in anthophyllite, there are two crystallographically distinct double silicate
chains in primitive cummingtonite to allow for the denser packing around the
small M4 cation (Fig. 10). In a manganese-poor primitive cummingtonite
studied by Ghose and Wan (1982) the coordination of the M1, M2, and M3
sites are regular octahedral with average M-O distances of 2.084, 2.079, and
2.074 A, respectively. The M4 site is highly distorted with essentially (4 + 1)
coordination; four oxygen atoms are at an average distance of 2.070 £ 0.074
A with a fifth one at 2.415 A; two further oxygens at 2.868 and 2.889 A may
be considered as a part of the coordination sphere; this situation is very
similar to that found in anthophyllite. This fivefold coordination of the M4
cation is distinctly different from that found in C-centered cummingtonite,
where the M4 coordination is sixfold (4 + 2) (Table 9). In both anthophyllite
and primitive cummingtonite, the (4 + 1) coordination of M4 is accomplished
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Table 9. M-O bond lengths in anthophyllite, primitive and C-centered cum-
mingtonites.

Primitive
Anthophyliite* Cummingtonite® Cummingtonite® Grunerite?
Ml Fe: 0.040(3) Fe: 0.002(4) Fe: 0.16 Fe: 0.848(8)
Site Occupancy Mg: 0.960(3) Mg: 0.998 Mg: 0.84 Mg: 0.152
M1-O1A 2.062(3) 2.041(5) 2.076 2.082(5)
-O1B 2.053(4) 2.061(5) 2.076 2.082(5)
-02A 2.112(3) 2.105(5) 2115 2.160(4)
-02B 2.133(3) 2.144(5) 2.115 2.160(4)
-0O3A (OH) 2.082(3) 2.087(5) 2.103 2.122(4)
-O3B (OH) 2.063(3) 2.065(5) 2.103 2.122(4)
Mean 2.084 2.084 2.098 2.121
M2 Fe: 0.027(3) Fe: 0.00 Fe: 0.05 Fe: 0.773(7)
Site Occupancy Mg: 0.973 Mg: 1.00 Mg: 095  Mg: 0.227(7)
M2-O1A 2.138(3) 2.142(5) 2.128 2.161(5)
-O1B 2.121(3) 2.121(5) 2.128 2.161(5)
-02A 2.067(3) 2.073(5) 2.093 2.128(4)
-0O2B 2.082(3) 2.088(5) 2.093 2.128(4)
-0O4A 2.010(3) 2.008(5) 2.029 2.078(4)
-O4B 2.034(3) 2.042(7) 2.029 2.078(4)
Mean 2.076 2.079 2.083 2.121
M3 Fe: 0.034(4) Fe: 0.028 Fe: 0.16 Fe: 0.888(12)
Site Occupancy Mg: 0.966(4) Mg: 0.972 Mg: 0.84 Mg: 0.112(12)
M3-0O1A (X2) 2.075(3) 2.083(5) 2.102 2.118(5)
-O1B (x2) 2.079(3) 2.083(5) 2.102 2.118(5)
-O3A (OH) 2.055(3) 2.075(5) 2.070 2.103(6)
-O3B (OH) 2.059(3) 2.038(5) 2.070 2.103(6)
Mean 2.070 2.074 2.091 2.113
M4 Fe: 0.651 Fe: 0.432 Fe: 0.87  Fe: 0.985(8)
Site Occupancy Mg: 0.349 Mg: 0.568 Mg: 0.13  Mg: 0.015(8)
M4-02A 2.156(3) 2.133(5) 2.176 2.135(5)
-O2B 2.128(3) 2.113(5) 2.176 2.135(5)
-O4A 2.044(3) 2.039(5) 2.041 1.988(5)
-0O4B 1.996(3) 1.996(5) 2.041 1.988(5)
-0O5A 3.481(3) 3.469(4) 3.147 3.298(5)
-O5B 2.865(3) 2.889(4) 3.147 3.298(5)
-O6A 2.387(3) 2.415(5) 2.699 2.757(5)
-O6B 2.867(3) 2.868(5) 2.699 2.757(5)
Average of 6 (Mean)  (2.263) (2.261) 2.305 2.293
8 (2.491) (2.490) 2516 2.544
Average of 5 2.142 2.139
Average of 7 2.349 2.350

2Finger (1970a).

®Ghose and Wan (1982).
°Ghose (1961).

9Finger (1969).
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Fig. 10. Projection of the primitive cummingtonite structure down a* (after Sueno er
al. 1969).

by the further distortion of the B-chain to an O5-06-O5 angle of 157° in
anthophyllite and 159° in primitive cummingtonite as opposed to 172° in
grunerite.

The primitive cummingtonite transforms rapidly to the C-centered cum-
mingtonite at relatively low temperatures (Prewitt, Papike, and Ross, 1970).
The transition temperature of a manganoan primitive cummingtonite with the
composition (Cag;¢NagosMng gsMg s7)MgsSig0,,(OH), from Talcville, New
York, is 100°C. The crystal structures of this cummingtonite below and above
the transition temperature have been determined by Papike er al. (1969) and
Sueno et al. (1972) respectively. The principal structural change due to the
transition is the straightening out of the two tetrahedral double chains with
kinking angles (05-06-0O5) of 178.4° and 166.2° for the A- and B-chains
respectively at room temperature. Above the transition, the two chains be-
come crystallographically equivalent with a kinking angle of 173° at 275°C.
This change is effected principally by changes in the coordination of the M4
cation as a function of temperature (Table 10), namely, the room temperature
coordination (4 + 1 + 1) becomes more symmetric (4 + 2) above the transi-
tion. Because of the presence of considerable amounts of Ca and Mn in the
M4 site, the M4 coordination is not as pronouncedly fivefold as it is in the
nearly manganese-free primitive cummingtonite with the composition
(Cag o;Mng g, Feg o;M g 60)S150,,(OH), investigated by Ghose and Wan (1982).
Unlike the P2,/c¢—> C2/c transition in pigeonite, the P2,/m—> C2/m transi-
tion in cummingtonite is completely displacive and does not involve breakage
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Table 10. M4-O bond lengths in primitive (P2;/m) and C-centered
Mn-rich cummingtonite below and above the transition tempera-
ture (100°C).

Primitive C-Centered
Cummingtonite® (25 °C) Cummingtonite® (275 °C)

M4
Site Occupancy Ca 0.36 Na 0.06 Mn 0.96 Mg 0.57
M4-02A 2.195 (6) 2215 (4)
-02B 2.208 (6) 2215 4)
-04A 2.139 (8) 2.109 (5)
-O4B 2.074 (8) 2.109 (5)
-O6A 2.511 (8) 2.584 (5)
-O6B 2.650 (8) 2.584 (5)
-05A 3.209 (6) 3.090 (5)
-O5B 2.932 (6) 3.090 (5)
Mean of 6 2.296 (3) 2.303

2Papike et al. (1969).
®Sueno et al. (1972).

and reformation of any M-O bonds. Because of low transition temperatures,
this transition should have no effect on the cation distribution in cum-
mingtonites, which presumably was quenched in at higher temperatures.

The C-Centered Cummingtonite

As noted earlier, the C-centered cummingtonites are richer in iron than
anthophyllites and primitive cummingtonites. The M1, M2, and M3 octahedra
are nearly regular, which increase in size approximately linearly as a function
of the increasing iron content; on the other hand, the coordination of the M4
site changes in a very nonlinear fashion (Table 9). With the increasing iron
content, the M4 cation is pulled closer to the four nearest oxygen atoms (O2
and O4), whereas the two farthest oxygen atoms (06) are pushed further away
(Fig. 11). Note that in spite of the increasing iron content, the M4-O4A and
M4-O4B distances are nearly constant throughout the ferromagnesian
amphiboles. Furthermore, in grunerite the M4-O4 distance is 1.988 A, where
the M4 site is nearly completely occupied by iron (Finger, 1969). Note that as
in pyroxenes, the O4 oxygen atoms are slightly underbonded, being bonded to
one silicon and two divalent cations each. The M4-O4 bonds are much shorter
than the sum of the ionic radii of Fe?* and O*~ (2.18 A) and have
considerable covalent character (Ghose, 1961). The slightly smaller Mossbauer
isomer shift of Fe** at the M4 site as opposed to Fe?* at the M1, M2, and
M3 sites confirm the higher degree of covalent bonding of Fe?* at the M4 site
(Hafner and Ghose, 1971). As in pyroxenes, these covalent bonds are believed
to be stablizing Fe?* at this site (Ghose, 1961). As in anthophyllite and
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Fig. 11. The crystal structure of a C-centered cummingtonite projected down the ¢ axis
(after Ghose, 1961).

primitive cummingtonite, the M1 and M3 sites have similar (Mg, Fe**)
content, whereas the M2 site strongly prefers Mg and the M4 site Fe?*. This
scheme of Mg-Fe distribution, first determined by X-ray diffraction (Ghose,
1961; Finger, 1969), have been subsequently confirmed by infra-red and
Maéssbauer spectroscopy (Bancroft ef al., 1967; Hafner and Ghose, 1981).

Crystal Chemistry of the New Pyriboles

Thompson (1970, 1978) considered the amphibole structure to consist of two
modules, pyroxene (P) and trioctahedral mica or talc (M). The amphibole
structure can then be considered (MP) and models can be constructed for
structures intermediate between ferromagnesian amphibole and talc such as
(MMP). Veblen and Burnham (1978b) describe the structures of new biopyri-
boles (MMP) and (MPMMP), two orthorhombic varieties of which have been
named jimthompsonite and chesterite, respectively. The monoclinic forms of
jimthompsonite (clinojimthompsonite) and chesterite exist as well.

Jimthompsonite and Chesterite

These minerals occur as fine lamellar intergrowths parallel to (010) in
anthophyllite or cummingtonite. The structure of jimthompsonite, which crys-
tallizes in the orthorhombic space group Pbca, is characterised by triple
silicate chains, two of which sandwich between them Mg, Fe?* cations in five
distinct octahedral M sites (Figs. 12a,b, c). The M5 site, which occurs on the
exterior of the octahedral band, is the most distorted one, where most of the
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Fe?™ ions are concentrated. The M1, M2, M3, and M4 sites are nearly regular
octahedral and are mostly occupied by Mg?*. There are two crystallographi-
cally distinct triple silicate chains, the B-chain being more distorted than the
A-chain. The structure of clinojimthompsonite (space group C2/¢) consists of
I-beams containing five distinct octahedral M-sites and symmetrically equiva-
lent triple silicate chains (Figs. 12d, ). As in jimthompsonite, most of the Fe?*
ions are concentrated in the outer M5 site.

Chesterite crystallizes in the orthorhombic space group 42,ma. Its crystal
structure is characterized by an alternation of double and triple silicate chains,
two each of which sandwich between them octahedral cations giving rise to
two different types of I-beams (Figs. 13a,b,c). Of the two topologically
distinct I-beams, one is similar to the I-beam of anthophyllite with A- and
B-double silicate chains, and the other is similar to the I-beam of
jimthompsonite with A- and B-triple silicate chains. The Fe’* ions are

Fig. 12. (a)-(b) The crystal structure of jimthompsonite.
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Fig. 12. (c) The crystal structure of jimthompsonite and (d) clinojimthompsonite.

concentrated in the two outer distorted M-sites, MD4 and MT5 within the
anthophyllite and jimthompsonite type I-beams respectively. Note that in
orthorhombic pyriboles jimthompsonite and chesterite, the outer distorted
M-sites all have effectively fivefold (4 + 1) coordination as in anthophyllite
and primitive magnesian cummingtonite (Table 11). The coordination of the
M35 site in clinojimthompsonite is sixfold (4 + 2) and is comparable to that of
the M4 site in C-centered cummingtonite. Furthermore, within each of these
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Fig. 12. (e¢) The crystal structure of clinojimthompsonite. (Figure after Veblen and
Burnham, 1978b.)

outer M-polyhedra where the Fe?* ions are concentrated, there are two sets of
unusually short M-O bonds involving oxygen atoms, which are slightly charge
deficient. Considerable covalency of the Fe?* —O bonds at these sites is to be
expected (cf. cummingtonite, Ghose (1961)).

The Crystal Chemistry of Olivines (Mg, Fe),Si0,
and the Humite Group of Minerals

Olivines

The crystal structure of olivine (space group Pbnm) is based on hexagonal
close-packed array of oxygen ions, in which one-eighth of the tetrahedral
interstices are filled with silicon and one-half of the octahedral interstices by
Fe*,Mg. There are two crystallographically distinct octahedral sites M1 and
M2 with site multiplicities 4, 4 and point symmetries 1 and m, respectively.
The M1 and M2 octahedra share edges and form a serrated band parallel to
the a-axis (Fig. 14). Similar serrated edge-sharing octahedral chains also exist
in humite minerals. These octahedral bands are cross-linked to each other by
isolated [SiO,] tetrahedra. The M1 octahedron shares two of its edges with two
other M1 octahedra, two M2 octahedra, and two [SiO,] tetrahedra. In con-
trast, the M2 octahedron shares two edges with two M1 octahedra and one
with the silicate tetrahedron. Because of cation—cation repulsion, the shared
edges are shorter than the nonshared edges. As a result, the M1 octahedron
which shares six of its edges is more distorted than the M2 octahedron, which
shares only three. Furthermore, the M1 octahedron is distinctly smaller than



32

S. Ghose




33

ian Silic

oma,

in Ferr

Mg-Fe Order—Disorder

;;puugrugnnﬁ;saspy. L
S VVAN.VIAAVAYAVATA ﬂqhh\hr(%ﬁ«»ﬁhh |
SYAAVAYANV.VAVVANVIN VAT NV.VAV VAN NI VAY;

A
EAVAVAV,V/ATAVA
LA 44 VVV

(8L61 ‘WeyuUIng pue USqIA Id1JE) J11I9ISHYD Jo aInjoniis [eisk1o oy (9)—(®) ‘£7 Sif

—q— ——
" L]

ANVAVAVLVAVVIAAYANNE
NVV V, |

e

trbr|>>>;;>r

AAA\ IAA A A
AV ,45»5.»5«?454?»1»43
LAWY DA DAL,




S. Ghose

34

(Q8L61) WeyuIng pue UqIA ,

LTT uBdN LTT uBOW
(D18 4910 (D8t q9d0-
(4, é V9.LO- (@Dt v9dao-
(Ot 48L0- (D661 avyado-
(@Q20°C V810~ (Dot vyao-
@€1T qzao- Dot 4.10-
@61°C vVZAo+dnW @51 VLLOSIN
L8170 BN {(E1ELT'0 o AdouednodQ S AN $61°0 SN (€1)S08°0 34  AourdnooQ auS SLN
nouﬁouwoﬂo
¥8T'T 89T°C uBIN
(6)659°C ($)008'C 490
(6)659°C (9157 V90~
(6)T€0°C ($)z00T a80-
(6)T€0°T (974 1y V80-
(©)91T (9779 ir4 d4.0-
(4] 44 (975°) 4 VLO- S
SST'0 BN ‘(81)sy8'0 04 L61°0 SN (1)€08'0 9 AourdnooQ ang SN
uosdwoyywifour) Luosdwoyyurg

IRIsAYd pue ‘auuosdwoyimifour]o
‘nuosdwoyiwiil ur sAYS-]  YOU-UOIL I9INO PaUOISIp oY) umgym syISus] puoq O-W I 3IqvL



Mg-Fe Order-Disorder in Ferromagnesian Silicates

Fig. 14. Polyhedral diagram of olivine (after Papike and Cameron, 1976).

Table 12. Octahedral M-O bond distances (A) in olivines.

Hortonolite
Forsterite Fe: 0.50 Fayalite
M1 Site Occupancy Mg: 1.00 Mg: 0.50 Fe’*+: 1.00
(X2) M1-01 2.085(1) 2.101(3) 2.121(5)
(xX2) M1-02 2.069(1) 2.101(3) 2.131(4)
(x2)M1-03 2.132(1) 2.181(3) 2.219(3)
Mean 2.095 2.128 2.157
Fe: 0.50
M2 Site Occupancy Mg: 1.00 Mg: 0.50 Fe?*: 1.00
M2-01 2.183 2.205(4) 2.221(5)
M2-02 2.051 2.081(4) 2.103(3)
(X2) M2-03 2.216 2.272(3) 2.296(3)
(X2) M2-03” 2.067 2.058(3) 2.080(3)
Mean 2.133 2.158 2.179

Smyth and Hazen (1973); pure Mg,SiO,.
Brown (1980); (Mg.49F¢0.49Ca0,01Mng1),8104.
Smyth (1975); pure Fe,Si0O;,.

35
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the M2 octahedron. The average M1-O distances in forsterite and fayalite are
2.095 and 2.133 A and the average M2-O distances 2.157 and 2.179 A
respectively (Table 12). Numerous refinements of olivine crystal structures
(see Brown (1980)) indicate that the average M1-O and M2-O bond distances
are linear functions of the average size of the cations occupying these sites.

On the basis of the ionic size difference between Fe?* and Mg?*, Ghose
(1962) predicted that Fe?* will be preferred at the M2 site. Initial attempts to
detect Mg—Fe?* ordering in olivines by X-ray diffraction techniques were
unsuccessful (Birle et al., 1968). Subsequently, slight Fe** enrichment in the
smaller M1 site in terrestrial and lunar olivines was determined by single
crystal X-ray diffraction and Mdssbauer resonance spectroscopy (Finger,
1970b; Finger and Virgo, 1971). Since then, a number of lunar and terrestrial
volcanic olivines investigated by X-ray diffraction showed a slight preference
of Fe2* for the M1 site (Brown and Prewitt, 1973; Wenk and Raymond, 1973;
Ghose et al., 1976). On the other hand, for some terrestrial Mg-rich olivines
X-ray diffraction and Mdssbauer resonance studies indicated a slight prefer-
ence of Fe’* for the M2 site (Wenk and Raymond, 1973; Shinno et al., 1974;
Ghose et al. 1976).

Using Mossbauer resonance spectroscopy, Shinno (1974) showed that oli-
vines synthesized at high temperatures (~1400°C) indicate considerable or-
dering of Fe?™ at the M1 site. Prolonged heat treatment of these samples at
lower temperatures down to 600°C resulted in an increase in the cation
disorder (K, at 1150, 950, and 800°C were 3.16, 1.85, and 1.32, respectively).
This result is contrary to our expectations from the point of view of entropy,
i.e., the crystal should be more disordered with increasing 7. Will and Nover
(1979) and Nover and Will (1981) using X-ray diffraction have shown that the
degree of Mg-Fe?* order in olivine depends on the oxygen partial pressure
under which they have been equilibrated. Under low oxygen pressure (107 '6
and 1072! bar) K, increased from 1.09 and 1.06 to 1.20, indicating a higher
degree of Fe?’* order in M1. Under high oxygen partial pressures, K,
decreased to 0.80, indicating a higher preference of Fe?* for M2. However,
since volcanic olivines crystallized under high temperatures and high oxygen
fugacities show higher degree of order (Fe’* preferring the M1 site) than the
metamorphic olivines, the temperature effect on the degree of Mg—Fe order
must be more significant than the effect of partial oxygen pressure in natural
olivines.

In contrast to Fe?*, other divalent cations, such as Co**, Ni?*, and Zn?*
show strong preference for the M1 site, and Mn2* for the M2 site with respect
to Mg?>* (Ghose and Wan, 1974; Rajamani et al., 1975; Ghose and Weidner,
1974; Ghose et al., 1975; Francis and Ribbe, 1980). In the model we propose
(Ghose and Wan, 1974; Ghose et al., 1975; Ghose et al., 1976), there are two
competing factors which determine the ordering of the divalent transition
metal ions in olivine with respect to Mg?*: (a) the larger of the two ions
prefers the larger octahedral M2 site and (b) the transition metal ions
(including Fe?* ) prefer the smaller M1 site, which allows a greater degree of
covalent bonding with the oxygen ions. For Fe?*, these two competing factors
nearly cancel each other, resulting in slight or no Mg—Fe?* order. The higher
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degree of covalency for Fe?* at the M1 site is indicated by the smaller isomer
shift, as determined by Mdssbauer resonance spectroscopy (Finger and Virgo,
1971; Shinno et al., 1974). If one considers the dynamic Jahn-Teller effect
and the different distortions of the M1 and M2 octahedra, the difference in
crystal field stabilization energies of Fe?* at the two different octahedral sites
in olivine is nearly zero (Walsh et al., 1974). Hence, crystal field effects play at
best a minor role in terms of Fe?* -Mg ordering in olivines.

The Humite Series

The humite series of minerals are essentially hydroxylated magnesium ortho-
silicate minerals, which along with olivine belong to a polysomatic series with
the composition Mg,, ., ,(OH, F),(Si0,),, where n =1 to 4 (Table 13). Each
of these humite minerals have two unit cell dimensions a and b, which are the
same as in olivine. A serrated chain of edge-sharing octahedra running
parallel to the c-axis is a common structural unit in all these minerals (Fig.
15). The oxygen and (OH) or F ions are hexagonally close packed with half
the octahedral sites occupied. As in olivine, the isolated silicate tetrahedron
shares three edges with octahedra. The numbers and types of octahedral sites
in humite minerals are shown in Table 14.

Chondrodite, Mgs(F, OH),(SiO,),, has one-tenth of its tetrahedral sites filled.
The M2, octahedron with the coordination M O4(OH,F) is more distorted
than the M2 site in olivine. The M1 site, which is the only site with no OH or
F ligand, seems to prefer Fe’* over Mg (Gibbs et al, 1970). Humite,
Mg,(F,OH),(Si0,);, has 3 /28 of the tetrahedral sites filled and there are two
different types of tetrahedra. In a humite with 0.35Fe**, from site occupancy
refinement by single crystal X-ray diffraction Ribbe and Gibbs (1971) showed
that Fe?* prefers the more distorted octahedral sites and those with more
polarizable ligands, i.e., M(2)O, 0.12Fe?*, M(1)O;4 0.09Fe’*, M(2)O4(F, OH)

Table 13. Unit cell and space groups of olivine and humite series of minerals.

Name Chemical Composition a (A) b (A) c(A) a(®) Space Group
Forsterite® Mg,Si0, 4.756(1) 10.207(1) 5.980(1) — Pbnm
Fayalite” Fe,Si0, 4.818(2) 10.471(3) 6.086(2) — Pbnm
Norbergite® Mg,Si0,.MgF, 4.707 10.265 8.724 — Pbnm
Chondrodite® 2Mg,Si04.MgF, 4.725 10.249 7.788 1092  P2,/b
Humite! 3Mg,Si0,4.MgF, 4.735 10.243 20.72 — Pbnm
Clinohumite® 4Mg,S10,.MgF, 4.740 10.226 13.582 100.9 P2,/b

Hydroxyl-chondrodite® 2Mg,Si0,.Mg(OH), 4.752 10.350 7914 1087  P2,/b
Hydroxyl-clinohumite’  4Mg,Si0,.Mg(OH), 4.747 10.284 13.695 100.6 P2,/b

2Smyth and Hazen (1973).
*Smyth (1975).

“Duffy (1977).

9Van Valkenburg (1961).
¢Yamamoto and Akimoto (1974).
"Yamamoto and Akimoto (1977).
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Fig. 15. Polyhedral diagram of the humite series of minerals (after Papike and
Cameron, 1976).

0.03Fe?* and M(3)0,(OH,F), 0.01Fe’*. Clinohumite, Mgy(OH, F),(SiO,),
contains a considerable part of the olivine structure. The X-ray site occupancy
refinement of a Ti-poor clinohumite indicated the same trend of Mg-Fe
distribution as in humite (Robinson et al., 1973). A similar pattern has been
found in a titanoclinohumite, where all the Ti have been restricted to the M3
site (Kockman and Rucklidge, 1973). Because of the rarity of these minerals
and the small Fe?* content, no systematic studies of Mg—Fe?* distr »ution as
a function of composition and temperature have been undertaken either by
X-ray diffraction or spectroscopic techniques.
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Fig. 15. (continued)

Techniques for the Determination of Cation
Distribution in Ferromagnesian Silicates

Single Crystal X-ray Diffraction

The X-ray scattering factors, f for Mg (Z = 12) and Fe (Z = 26) are quite
different, fr, being more than twice that of fy,,. The effective scattering factor
for the cations in a given site will be strongly dependent on the Fe/(Fe + Mg)
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Table 14. Multiplicities and point symmetries of octahedral sites in olivine
and humite series of minerals.

Name Space Group  Site Multiplicity Point
Forsterite Pbnm Ml 4 1
M26 4 m
Norbergite Pbnm M2, 4 m
M3, 8 1
Chondrodite P2,/b Mig 2 1
M2, 4 1
Humite Pbnm Mig 8 1
M26 4 m
M2, 8 1
M3, 8 1
Clinohumite P2,/b Ml 2 1
Mig 4 1
M2; 4 1
M2 4 1
M3, 4 1

Note: Subscripts of the M sites indicate the number of oxygen ligands.

ratio. Ghose (1961, 1965a) took advantage of this fact during the least-squares
refinement of the cummingtonite and orthopyroxene structures by manually
adjusting the scattering factors for random cation sites until the isotropic
temperature factors, B, refined to nearly equal values. The isotropic tempera-
ture factor, B (Woolfson, 1970), represents an adjustment to the scattering
factor

fete = foe™ Blsin g/x)z,

where f; is the scattering factor of the atom at rest, 8 is the Bragg scattering
angle, and A is the wavelength of the X-ray. The adjustments in B during the
least-squares refinement will indicate a change in the scattering factor, f;.
However, it is to be expected that the B parameter for Mg and Fe atoms with
different atomic weights will be different. In spite of this fact, Ghose’s (1961,
1965b) conclusions regarding the strong site preference of Fe?* for the M4 site
in cummingtonite and the M2 site in hypersthene have been subsequently
confirmed by X-ray diffraction, Mdssbauer resonance, and optical and infra-
red spectroscopy.

During the least-squares refinement it is now possible to adjust the site
occupancy factors independently of the temperature factors. The effective
scattering factor can be written as

Setr = [nfMg + (] - n)fFe]e—B(sinH/)\)z,
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where fy;, and fg, are the scattering factors for Mg and Fe, respectively, 7 is
the atomic fraction of Mg in the cation site, and B is the overall temperature
factor (Burnham et al, 1971). This method is applicable to strictly binary
(Fe,Mg) silicates such as hypersthene and cummingtonite. For pigeonite,
where Ca is the third species which has to be considered, the above technique
can be modified to restrict all the available Ca in the M2 site and distribute
the available Mg and Fe between the rest of the available M2 and M1 sites.
This procedure involves the assumption that Ca is completely ordered in the
M2 site. Finger (1969) developed a least-squares refinement technique, where
the site occupancy in one site is dependent on the site occupancy in the other;
this technique allows the adjustment in several site occupancies simulta-
neously with the constraint that the total amounts of the atomic species have
to agree with those determined by the chemical analysis. This constraint
allows the site occupancies to be precisely determined not only for a two-site
case, such as olivine, hypersthene, or pigeonite, but also the four-site case,
such as anthophyllite and cummingtonite. Under favorable circumstances,
where the chemical composition is essentially binary, site occupancy refine-
ment of single crystal X-ray diffraction data yield precision of the order of
+0.01 atom at a given site.

STFe Mossbauer Resonance Spectroscopy

The technique of Mgssbauer resonance involves recoilless resonance absorp-
tion of gamma rays (Wertheim, 1964; Bancroft, 1976; Giitlich et al., 1978). In
the case of *’Fe (natural abundance, 2%), the resonant absorption corresponds
to the nuclear transition of the iron nucleus from the ground state (nuclear
spin, 1 = 1) to the first excited state (1 = 3). 1Co acts as the source of the 14.4
gamma rays. The *’Fe Mdssbauer resonance spectra of ferromagnesian sili-
cates at temperatures down to 77 K are characterized by electric monopole
and quadrupole interactions which give rise to the isomer shift and the
quadrupole splitting respectively.

Isomer Shift

The electric monopole interaction involves the electrostatic coulomb interac-
tion between the nuclear charge distribution in the ground and excited states
and the electronic charge density distribution at the nucleus. The electronic
charge distribution at the nucleus is due to the s-electrons which penetrate the
nucleus and spend a fraction of their time in the nucleus. As a result of this
interaction, the nuclear energy levels of the ground state and the excited states
are shifted to different extents (Fig. 16a). In a Mdssbauer experiment, one
observes only the difference of the electrostatic shift between the source and
the absorber. The isomer shift is measured by the shift of the center of gravity
of the absorption line positions from zero Doppler velocity. It measures
essentially the s-electron density at the nucleus and hence is strongly depen-
dent, first, on the valence state and, second, on the chemical environment of
the atom, i.e., the interaction of the atom with its neighbors, which is a
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Fig. 16. Massbauer effect and the energy levels of a transition metal. (a) Isomer shift.

characteristic of the structural site. The observed isomer shifts are usually
reported with respect to >'Fe in 99.999% pure iron. The isomer shift provides a
measure of the covalency of the Fe?* —O bonds at a given site, the degree of
covalency being inversely proportional to the isomer shift.

Quadrupole Splitting

The electric quadrupole interaction originates from a coupling of the electric
quadrupole moment, eQ of the >’Fe nucleus in its excited state and the electric
field gradient at the nuclear site. For Fe?*, the electric field gradient is
primarily caused by the anisotropic electron density distribution in the valence
shell of ’Fe (valence contribution), and secondarily by the electric charges on
the neighboring ions which surround *’Fe in a noncubic structural site (lattice
contribution). The sixth d-electron in Fe?* is distributed in one or the other of
the five d-levels, causing a strong anisotropy in the electric field gradient and

1
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Fig. 16. (b) Quadrupole splitting.

hence a large quadrupole splitting. Furthermore, the occupancy of any partic-
ular d-level by this electron is strongly temperature dependent. Hence, for
Fe?* the quadrupole splitting is very sensitive to temperature. The electro-
static interaction of the quadrupole moment of the nucleus with the electric
field gradient at the nuclear site gives rise to a splitting of the (27 + 1)-fold
degenerate energy levels of a nuclear state with /=3 toJ =+ 3 and / = + 1.
The nuclear transitions from the nuclear ground state /= *1 (which is
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unsplit because eQ = 0) to these two excited levels give rise to two resonance
absorption lines, the separation (AEy) of which is called the quadrupole
splitting (Fig. 16b). Since the quadrupole moment of 5’Fe is constant in iron
compounds, the quadrupole splitting essentially gives a measure of the electric
field gradient at the nuclear site.

Mossbauer Resonance Spectra of Ferromagnesian Silicates

In orthopyroxenes, where Fe?* occurs in two different octahedral sites, M1
and M2, two quadrupole split doublets are expected (Fig. 17). The inner
doublet is due to Fe?* at the distorted octahedral site, and the outer doublet is
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Fig. 17. Mossbauer resonance spectra of orthopyroxenes at 77°K (after Virgo and
Hafner, 1969). Lower spectrum unheated orthopyroxene, upper spectrum heated

(1000°C) orthopyroxene.
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due to Fe?™ in the more regular octahedral site, M1. At lower temperature, the
quadrupole splitting for Fe’* in M2 does not change appreciably. The weak
temperature dependence of the M2 doublet reflects a large splitting of the
lowest crystalline field states (,,) caused by the very strong distortion of the
M2 site.

The Mg-Fe?* distribution in pigeonites can be determined from Mdssbauer
spectroscopy, based on the assumption that all of the Ca atoms occupy the
M2 site. Comparison of site occupancies in low-Ca clinopyroxenes determined
by Mossbauer spectroscopy and X-ray diffraction are closely comparable.
However, the determination of site occupancies in high calcium clinopy-
roxenes by Mossbauer spectroscopy yields anomalous results. This anomaly
can be clarified from the postulate that four distinct quadrupole-split doublets
result from four possible next-nearest-neighbor configurations for iron cations
in M1, arising from random distribution of Ca and Fe in M2. Some of these
M1 doublets overlap with the M2 doublets at room temperature and also
partially at liquid nitrogen temperature (Dowty, Ross, and Cuttita, 1972;
Dowty and Lindsley, 1973).

In cummingtonites, the structural characteristics of the three nearly regular
octahedral sites M1, M2, and M3 are nearly the same. Hence, their electric
field gradients are nearly the same, in spite of the difference in the chemical
environments of the M2 from the M1 and M3 sites. As a result, the quadru-
pole split doublets due to Fe?* at M1, M2, and M3 overlap so strongly that
they cannot be distinguished even at 77 K. Hence, the Mdssbauer spectra of
cummingtonites are characterized by two apparent doublets, the inner doublet
being from Fe’* at the distorted octahedral M4 site and the outer one from
Fe?* at the M1, M2, and M3 sites (Fig. 18). As in orthopyroxene, the splitting
of the outer doublet increases considerably at lower temperatures. The config-
uration of the octahedral sites in anthophyllites are very similar to the
magnesium-rich primitive cummingtonites and their Mdssbauer spectra are
very similar.

In olivine the nearly regular octahedral sites M1 and M2 are not very
different from each other. This fact is reflected by the strong overlap of the
two quadrupole split doublets from Fe?* in the M1 and M2 sites (Fig. 19).
Only at high temperatures in fayalite the quadrupole splittings are substan-
tially different (Eibschutz and Ganiel, 1967). Because of this difficulty, the site
assignments of the quadrupole doublets has been ambiguous, accentuated by
the fact that Fe?* does not show considerable site preference in olivine (Virgo
and Hafner, 1972; Malysheva et al, 1969). However, from a comparison of
the observed slight site preference of Fe?* for the M1 site by X-ray diffraction
and Mossbauer resonance, the site assignment of the spectra has been made
correctly (Finger and Virgo, 1971); the inner doublet is from Fe?* at M1. This
assignment has been corroborated from the Mossbauer spectra of Fe,Mn
olivines, where Mn?* is known to have a strong site preference for the M2 site
(Shinno, 1974).

The precision attainable in the site occupancy determinations by the
Mossbauer resonance technique strongly depends on the resolution of the
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Fig. 18. Mossbauer resonance spectra of cummingtonite at 77°K. Upper spectrum
unheated sample, lower spectrum heated (700°) sample (after Ghose and Weidner,
1972).
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Fig. 19. Mdssbauer resonance spectra of olivines (after Virgo and Hafner, 1972). Site
assignment after Finger and Virgo (1971).

partially overlapping quadrupole split doublets since the site occupancies are
determined from the area ratios of the Méssbauer peaks. For intermediate to
high iron orthopyroxenes and cummingtonites the two doublets are clearly
resolved at 77 K and the precision is high, being comparable to that obtain-
able from the single crystal X-ray diffraction technique (Burnham et al., 1971;
Hafner and Ghose, 1971). On the other hand, for magnesium-rich orthopy-
roxenes, cummingtonites, and anthophyllites, the outer doublets amount to
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Table 15. Comparison of the site occupancies in orthopyroxene and grunerite deter-
mined by single crystal X-ray diffraction and Md&ssbauer techniques.

Total Site Occupancy
Specimen Fe/(Fe + Mg) Method Fe/(Fe + Mg)
Orthopyroxene 0.850 X-ray? M1 0.743(3) M2 0.957(3)
XYZ)
Mossbauer®  M10.760(2) M2 0.940(2)
(77K)
Grunerite 0.886 X-ray*® M1, M2, M3 M4 0.985(9)
(Klein 1B) 0.826(4)
Mossbauer® M1, M2, M3 M4 0.965(8)
(77K) 0.839(8)

2Burnham et al. (1971).
YHafner and Ghose (1971).
“Finger (1969).

small shoulders on the strong inner doublets and are not very clearly resolved
even at 77 K, and the precision is considerably lower. Because of the strong
overlap of the two doublets, the precision of site occupancy determination in
olivine by the Mdssbauer technique is low. Another point which should be
kept in mind is that the recoilless fraction of the gamma rays for *’Fe at
various crystallographic sites may not be exactly equal, although they are
assumed to be equal for the purposes of site occupancy determinations in
ferromagnesian silicates. Comparisons between site occupancies determined
by Mossbauer and X-ray techniques on orthopyroxene and grunerite are
shown in Table 15. Although the agreement is satisfactory, further compari-
sons would be highly desirable to evaluate the accuracy of the site occupancies
determined by the Mdssbauer technique, since this technique is much cheaper
and faster and is applicable to powders rather than single crystals required for
the site occupancy determination by X-ray diffraction.

Nuclear Magnetic Resonance Spectroscopy

The 3'Fe nucleus (natural abundance, 2%) in the ground state has a nuclear
spin, I = 1. In such a case, a single magnetic resonance absorption line results
from Fe?* in one crystallographic site. In orthopyroxene, where the Fe?* ions
at M1 and M2 sites have different internal magnetic fields, the resonance
frequencies are different. When the intensities of the resonance absorption
lines are corrected for the frequency difference, their area ratios (assuming
that the lines have Lorentzian line shapes) would yield the Fe?* distribution
between the M1 and M2 sites, as in Mossbauer resonance spectroscopy.
Khristoforov et al. (1974) have used this technique to determine the Fe** site
distribution in orthopyroxenes based on NMR spectra taken at 77 K. Al-
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though an accuracy of +0.01 atomic units is claimed, it is difficult to judge
the accuracy because no spectra have been published.

Electronic Absorption Spectroscopy

Orthopyroxenes

Because of the strong site preference of Fe?* for the distorted octahedral M2
site in orthopyroxenes, the electronic absorption spectra in the visible region
for magnesium-rich orthopyroxenes is almost exclusively due to Fe?* in the
M2 site (Bancroft and Burns, 1967). Furthermore, because of the high degree
of distortion of this site, the Fe?* absorption bands in M2 are usually intense
and dominate the spectrum, a fact which has been utilized to determine
mineral composition on planetary surfaces from remotely sensed optical
absorption spectra (Adams, 1974). The intense bands at 10,500 cm~', 5000
cm™', and 2350 cm~! polarized in a, B8, and 7y, respectively, are due to
S4,—>°4,, A, >°B,, and °4, "B, transitions from Fe’* in the M2 site (Fig.
20) (Goldman and Rossman, 1977). Only in heated intermediate orthopy-
roxenes two components of the spin allowed transition of Fe** in the M1 site
at about 13,000 cm~! and 8500 cm ™' in y can be clearly resolved (Rossman,
1979). Goldman and Rossman (1979) have correlated linearly the intensities of
the a, B8, and y components of the 10,500-11,000 and 4900-5400 cm ™! bands
with the Fe?* concentration of 10 mole// of Fe?* at the M2 site, up to 66%
occupancy. For Fe?* (M2) concentrations higher than this value, the intensi-
ties of both bands in 8 and the 5000-cm ™! band in a fall close to the linear
trend. From the molar absorptivity (§) values determined for all bands in the
linear regions, the M2 (Fe?*) concentration can be determined from any
band using the equation

Fe’* (M2) (mole/1) = Abs/(T,£),

where Abs is the optical absorbance, log(/,/I), T is the thickness in cm, and &
is the molar absorptivity for the band. The technique is promising for
magnesium-rich and intermediate orthopyroxenes. Hopefully a similar tech-
nique can be developed for magnesium-rich cummingtonites and anthophyl-
lites.

Infrared Spectroscopy

Anthophyllites and Cummingtonites

We recall that the (OH) ion is simultaneously bonded to one M3 and two
symmetry related M1 ions in the amphibole structure. The O-H stretching
vibration frequency is dependent on the occupancy of the M1 and M3 sites.
For pure end members, such as grunerite and tremolite, where the M1 and M3
sites are occupied by FeFeFe or MgMgMg, a single fundamental peak






