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Cation ordering in the limited solid solution Fe,SiO,-Zn,SiO,
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ABSTRACT

Synthetic samples in the system Fe,SiO, (fayalite structure, orthorhombic)-Zn,SiO, (wil-
lemite structure, trigonal), equilibrated at 1000°C, were investigated by means of X-ray
diffraction, scanning-electron microscope, microprobe, and Mossbauer spectroscopy (77—
700 K).

The two-phase region is estimated to occur in the interval ~17-48 mol% of Zn,SiO, at
1000°C and 0 bar. It is obvious from calculated densities that the fayalite structure is ~17%
more dense at comparable compositions. The volumes per formula unit increase with Fe
content in both phases, allowing the determination of the composition from X-ray dif-
fraction data. The fayalite structure contains two octahedral metal positions M(1) (1 sym-
metry) and M(2) (m symmetry), and it is shown that Zn is preferentially occupying the
M(1) site with K, = 0.43 and AG = 8.9 kJ/mol for samples equilibrated at 1000°C and
quenched to room temperature. There are three tetrahedral-cation positions in Zn,SiO,
(willemite structure), Zn(1), Zn(2), and Si, and it is shown that Fe occupies the Zn positions
in the willemite structure, with a preference for one of the positions. The obtained K, and
AG values (0.49 and 7.6 kJ/mol, respectively, at 1000°C and O bar), are nearly the same
as the ones obtained for the fayalite structure.

INTRODUCTION

Studies by various methods of solid solution of tran-
sition elements in olivines (orthorhombic) showed that in
forsterite the M(1) site is preferentially occupied by Ni
(Rajamani et al., 1975; Walsh et al., 1976; Bish, 1981;
Tafte and Spence, 1982), Co (Ghose and Wan, 1974, Walsh
et al., 1976), and Zn (Ghose et al., 1975; Brown, 1982).
On the other hand, Mn (Fujino, 1980; Francis and Ribbe,
1980; Tafte and Spence, 1982; Lumpkin et al., 1983)
shows preference for the M(2) site.

In fayalitic olivines the preferences are the same as
above for Ni (Annersten et al., 1982; Nord et al., 1982;
Ribbe and Lumpkin, 1984), Co (pers. comm. with M.
Jali, Institute of Geology, Uppsala University), and Mn
(Brown, 1970; Shinno, 1980; Annersten et al., 1984). In
the forsterite-fayalite solid solution, Mg and Fe enter the
two sites in a nearly random way (Akimoto et al., 1976;
Warburton, 1978; Tafte and Spence, 1982).

Introduction of Zn in fayalite gives only a partial solid
solution: on the Zn-rich side, the structure is willemite
(trigonal). In natural willemites, the most frequent sub-
stitutent for Zn is Mn and to a lesser degree Mg and Fe
(Palache, 1935; Nysten, 1983).

On the whole, willemite is much less studied than the
olivines. The Fe,Si0,-Zn,Si0, solid-solution series has
not been particularly studied either. To our knowledge,
cation site preferences have not been determined, and the
phase boundary between the two structures has not been
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established. The aim of this investigation is to clarify the
phase relations and site occupancies. Such information
may also contribute to a better understanding of the pref-
erences observed in the olivine structure in general.

CRYSTAL STRUCTURE

Fayalite (Fe,SiO,) is orthorhombic with crystal sym-
metry Pbnm (no. 62 in International Tables of Crystal-
lography, 1952) and contains four formula units per unit
cell (Z = 4). At room temperature, the cell axes are a =
4.816, b = 10.469, and ¢ = 6.099 A (Birle et al., 1968).
There are two octahedrally coordinated metal sites: M(1)
and M(2). The M(1) octahedron has an inversion center,
and M(2) lies on a mirror plane. The M(1) octahedron
has an average metal-oxygen distance ((M(1)-O)) of 2.159
A, whereas (M(2)}-O) = 2.178 A. The maximum deviation
between the octahedral bond lengths is 0.105 A for M(1)
but 0.219 A for M(2). Si occupies a tetrahedral position
with (Si-0) = 1.638 A (Birle et al., 1968). A projection
of the crystal structure on the a-c plane is shown in Fig-
ure 1.

Willemite (Zn,Si0,) is trigonal (R 3 with hexagonal axes
a = 13948, ¢ = 9.315 A); Z = 18 (Klaska et al., 1978).
There are three tetrahedrally coordinated cation sites:
Zn(1), Zn(2), and Si. The three positions have (Zn(1)-
0) =1.950, (Zn(2)-O) = 1.961, and (Si-O) = 1.635. The
maximum tetrahedral deviations are Zn(1)-O = 0.007,
Zn(2)-O = 0.038, and Si-O = 0.015 A (Klaska et al.,
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Fig. 1. A projection of the unit cell for fayalite on the b-¢
plane. Data from Birle et al. (1968).

1978). Other crystal-structure determinations with only
minor differences in values compared to those above were
made by Hang et al. (1970), Kodaira et al. (1975), and
Simonov et al. (1978). A projection of the unit cell on the
¢ plane in hexagonal setting is shown in Figure 2.

SAMPLE PREPARATION AND EXPERIMENTAL DETAILS
Sample preparation

Five synthetic samples of the system Fe,Si0,-Zn,SiO, were
produced from oxide mixtures (Fe,O;, 99.712%; ZnQ, 99.944%;
Si0,, 99.89%). SiO, was obtained as quartz, crushed to 325 mesh
and fired at 1000°C to remove absorbed water.

The mixtures were melted twice in an arc furnace using Ar as
the protecting gas and afterward homogenized at 1000°C in evac-
uated SiO, tubes for two weeks. The tubes were quenched in
water.

Characterization of sample purity and homogeneity

Polished and thin sections of each sample were examined pet-
rographically in reflected and transmitted light. Phase analyses
were obtained from X-ray powder diffraction, using CuK« ra-
diation and scanning interval 5-75° (26). Cell parameters of the
phases were calculated from 14 to 18 different reflections using
a computer program (CELNE). Au-plated pieces of the samples
were observed using a JEOL JsM-U3 scanning-electron microscope
(seM) in reflection geometry. Al-coated samples were examined
in scanning mode over several grains for homogeneity of Fe, Zn,
and Si. Elemental analyses were performed by standard tech-
niques at 20 kV using a Cambridge Geoscan spectrometer having
a take-off angle of 75° Pure metals (Fe and Zn) and natural
olivines (Si) were used as standards. Six typically different grains
were examined for each sample, and the obtained compositions
were corrected for background, dead time, absorption, fluores-
cence, and atomic-number effects by using a computer program
(MK 13).

Moéssbauer measurements

Maossbauer spectroscopy data (*’Fe) were recorded between 77
K (using a liquid N, flow cryostat) and 704 K (using a vacuum
furnace) in transmission geometry with an electromechanical
Doppler velocity generator operating at constant acceleration mode
in conjunction with a ND 1200 Mca (512 channels). The zero-
setting and calibration of the velocity scale were made with a
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Fig. 2. A projection of the unit cell of willemite (hexagonal
setting, Z = 18) on the ¢ plane. Parameter values from Klaska et
al. (1978).

natural Fe foil at room temperature as the absorber, and the
source was 5’Co diffused into a Rh matrix at high temperature.
During the measurements, the source was kept at room temper-
ature. The powder absorbers contained less than 5 mg/cm? of
natural Fe. Owing to the thin absorbers used, the Lorentzian lines
were used in the fitting procedure without any thickness correc-
tion. Since there was no indication of texture or Goldanskii-
Karyagin effects in the samples (Ericsson and Wéppling, 1976),
symmetrical doublets were used in the fitting procedure.

REsuLTS
Sample compositions and descriptions

The optical investigation of the homogenized samples
revealed the presence along the grain boundaries of mi-
nute amounts of franklinite in samples W10, W11, and
W12 and of magnetite in W13-F13 and F14 (W = wil-
lemite, F = fayalite structure). The magnetic phases were
easily removed under acetone from the finely powdered
samples by a hand magnet. The final identification of the
magnetic phases was confirmed by X-ray, sEM, and mi-
croprobe analyses.

The crystal size of the synthetic olivines and willemites
was large enough (> 10 um) to allow microprobe analyses
of individual grains (Table 1), except for sample W13-
F13 containing both phases. Sample W13-F13 was more
fine-grained (~3 um) compared to the other samples. Still
the individual grains contained both phases, making an
individual microprobe analysis of the two phases unre-
liable. No zoning or inhomogeneity was observed in any
sample in the X-ray and microprobe analyses. X-ray and
seM analyses showed W10, W11, and W12 to be one-
phase samples with willemite structure (Fig. 3) and F14
to be only one phase with fayalite structure (Fig. 4). The
final compositions of the samples having willemite or fa-
yalite structure deviated from the starting oxide mixtures
owing to the removal of the magnetic phases, mentioned
above. The Fe depletion in W10, W11, W12 was on the
order of 20%, whereas the Zn depletion in F14 was ~5%.
The cell parameters of the two structures as a function of
composition are given in Table 1. The cell parameters
increase with Fe content in the willemites (Fig. 5). Using
the cell parameters and the compositional variations of
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Table 1. Composition and cell parameters of the synthetic sampies

Willemite structure (hexagonal)

Fayalite structure (orthorhombic)

W10 w11 F13 F17*

SiO, (wt%) 27.26 27.16 27.94 28.89 29.5
FeO (wt%) 3.32 16.78 28.11 65.79 71.8
Zn0O (wt%) 69.42 56.05 43.96 5.32 0.0

i 100.00 99.99 100.01 100.00 101.3

Number of ions on the basis of 4 oxygens
Si 100 0.99 1.00 1.00 1.00 0.99 0.99
Fe?* 0.10 0.51 0.84 1.04 1.66 1.88 2.02
Zn 1.89 1.61 1.16 0.96 0.34 0.13 0.00
Xeo 0.05 0.25 0.42 0.52 083 0.94 1.00
Xz 0.95 0.75 0.58 0.48 017 0.06 0.00
Cell parameters

Structure Hex Hex Hex Hex Orth Orth Orth
a(d) 13.943(1) 13.955(1) 13.962(2) 13.980(4) 4.801(1) 4.820(2) 4.821(1)
b (A) 10.471(1) 10.479(3) 10.478(2)
c(A) 9.324(1) 9.366(1) 9.416(3) 9.429(6) 6.093(1) 6.083(3) 6.092(2)
V(A 1569.7(1) 1579.7(1) 1589.6(3) 1596.0(5) 306.3(1) 307.2(3) 307.7(2)
V (A% per

formula unit 87.21 87.76 88 31 88.66 76.58 76.80 76.93

Note: The relative errors are +1.2% for ZnO, +0.9% for FeO, and 10.5% for SiO,. The figures in parentheses represent
the estimated standard deviations (esd); thus 13.943(1) indicates an esd of 0.001
* The values are from a synthetic sample (no. 17 in Annersten et al , 1982).

ds;; and d,,, reflections (Fig. 6) of the willemites, a rough
estimate of W13 gave the composition (Fe, ,,Zn,)Si0,.
A similar extrapolation, using crystallographic data on
samples F17 and F14, gave the composition of F13 to be
(Fe, ¢Zn,,,)S10,. Thus the two-phase interval at 1000°C
and 0 bar on the join Fe,Si0,-Zn,Si0O, is roughly from 52
to 83 mol% of Fe,SiO, (synthesis boundaries and not re-
versed phase equilibria).

Fig. 3. Scanning-electron microphotograph of Fe-containing
willemite (sample W10). Bar scale = 10 um. The hexagonal ¢
axis is in the plane of the photograph.

Maossbauer spectroscopy

The Mossbauer spectrum of fayalite in the paramag-
netic region at room temperature or colder is characterized
by two peaks; thus the signals emanating from Fe at the
M(1) and M(2) positions are not resolvable. However, at
temperatures above ~600 K, the centroid shift (CS) as
well as the quadrupole splitting AE,, (the peak separation

Fig. 4. Scanning-electron microphotograph of Zn-containing
fayalite (orthorhombic shape). Sample F14. Bar scale = 10 um.
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Fig. 5. Cell-parameter variations with composition of syn-
thetic Fe-containing willemites. Z1 = average value from Klaska
etal. (1978), Kodaira et al. (1975), Hang et al. (1970), and ASTM
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in a doublet) for Fe at the two positions are significantly
different resulting in partly resolved spectra (Fig. 7). The
assignments of the two doublets are made in agreement
with Annersten et al. (1982) and cited references therein:
the doublet having the smaller quadrupole splitting cor-
responds to Fe at the M(1) site. According to Ingalls (1964)
an increase in distortion normally results in a decrease in
AE,, for Fe**. Thus, the octahedral bond-length variation
[0.105 A for M(1) and 0.219 A for M(2)] is not a relevant
measure of octahedral distortion in fayalite. However,
angle variations and other measures of distortions (Brown,
1970; Dollase, 1974; Fleet, 1974; Walsh et al., 1976) give
M(1) as the more distorted octahedron. Moreover, if the
octahedral bond-angle variance is used as a measure of
distortion the M(1) distortion increases at a faster rate
than the M(2) distortion with increasing temperature
(Brown and Prewitt, 1973). The more pronounced de-
crease in AE,, with increasing temperature for M(1) com-
pared to M(2) is then in accordance with the Ingalls’ theory
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as cited above. The obtained CS values at elevated tem-
peratures are in accord with size considerations: the small-
er M(1) site gives the smaller CS value; however, this crude
rule does not give a clear difference in room-temperature
spectra. Comparing the results with what we have ob-
tained for pure fayalite (Annersten et al., 1982), it is ob-
vious that Zn prefers the M(1) position. The Mossbauer
parameters are collected in Table 2 for different compo-
sitions and temperatures.

Madssbauer spectra from the willemite region show fea-
tures analogous to those in spectra of the fayalite phase.
At room temperature and colder, they consist of only two
absorption profiles (Fig. 8). However, at elevated tem-
peratures, the absorption pattern can be attributed to two
partly overlapping quadrupole doublets (Fig. 9) with a
resolution not as distinct as in the fayalite phase.

At T =~ 700 K, the obtained CS values are ~0.72
mm/s for the two doublets but ~0.82 for Fe at M(1) and
~0.90 for Fe at M(2) in the fayalite region. The lower CS
values in the earlier case reflect the change in coordination
numbers (CN): four in the willemite, but six in the fayalite
region (Bancroft, 1974, p. 157). The similar CS values
obtained for the two doublets in the willemite region, even
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Fig. 7. Maossbauer spectrum of sample F14 [(Fe,q,Zn44),S10,]
recorded at 627 K. The signal from Fe at M(1) is denoted by
short dashed lines, Fe from M(2), having a larger quadrupole
splitting, is denoted by long dashed lines. The full line is the sum
of the fitted Lorentzian functions. (The absorption around 2.7
mm/s is from an impurity in the furnace having CS/AE, = 1.18/

2.70 mm/s.)

at elevated temperatures, suggest an assignment to two
tetrahedral positions of nearly equal size: thus we assign
the doublets to Fe occupying the Zn(1) and Zn(2) positions
in the willemite structure but not to the smaller 4-coor-
dinated Si position (see “crystal structure”). However,
individual assignment of the two Zn positions cannot be
made reliably from the CS/AE, values obtained. Accord-
ing to the theory of Ingalls (1964) and the bond-length
variation as a measure of distortion, position 1 in Table
2 should correspond to Zn(2). However, the differences
in bond lengths within the two positions are too small to
make a conclusive decision. The Zn(1) position is some-
what smaller (0.011 A according to Klaska et al., 1978),
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Fig. 8. Mbossbauer spectrum of sample W12 [(Fe, ,,Zn, 55),510,]
recorded at 77 K.

but as the CS of position 1 is approximately equal to the
CS of position 2 even at elevated temperatures, this fact
cannot be used for an assignment either.

DISCUSSION

Cation preferences in the fayalite structure
The intracrystalline exchange of Fe and Zn in the fayal-
ite structure can be expressed as
Znz; + Feip = Zni; + Fedh.
The equilibrium constant at the characteristic tempera-
ture T is given by
K — XFelei:eMlXZanonMz
N XFemszEMZXZanonMl

Xty €1C., are site-occupancy factors and Jamy» €tC., are
the partial activity coefficients for divalent Fe at M(1),

Table 2. Mossbauer parameters of (Fe, ,Zn,)SiO, recorded at different temperatures

Position 1

Sample Xeo TK) Ccs AE,
F17* 1.00 540 0.91 1.99 0.24 0.490

673 0.83 1.76 0.24 0.490
F14 0.94 295 1.15 2.83 0.35

519 0.94 217 0.29 0.473

627 087 1.87 0.34 0.486

629 0.84 1.82 0.31 0.484
F13 295 1.12 2.83 0.35

501 0.93 2.19 0.47 0.434

674 0.78 1.82 0.49 0.434
w12 77 1.10 2.95 0.33

295 1.03 2.77 0.40

592 0.78 1.65 0.46 0.366

627 0.76 1.52 0.48 0.377

704 0.72 1.45 0.41 0.363
W11 295 1.02 2.83 0.35

433 0.91 2.14 0.45 0.390

593 0.75 1.64 0.43 0.362

687 0.74 1.49 0.40 0.389
W10 295 1.04 2.87 0.36

695 0.71 1.52 0.40 0.363

Position 2
Xee AE, X Ko
1.000 0.98 2.47 0.24 0.510 1000
1.000 0.90 2.25 0.24 0510 1.000
115 283 035
0.907 703 258 029 0.527 0.973 0.27
0.932 094 237 0.34 0514 0948 0.75
0.929 0.91 2.30 0.31 0516  0.951 0.67
112 2.83 0.35
0.737 1.01 2.60 0.47 0.566 0.923 0.23
0.737 089 225 0.49 0.566 0.923 0.23
110 295 033
103 277 040 — — —
0.315 081 2.41 0.40 0.634 0.525 0.42
0.317 0.77 2.36 0.37 0623 0523 0.42
0.313 0.72 225 0.35 0.637 0527 0.41
1.02 283 035
0.195 0.89 270 0.30 0.610 0.305 0.55
0.186 076  2.38 0.30 0.638 0.314 0.50
0.1945 073 228  0.28 0.611 0.3055 0.55
104 287 036
0.037 074 2.25 0.33 0.637 0.063 0.57

Note: CS is given relative metallic Fe at room temperature, and AE, is the peak separation in the doublet. Precision is +0.01 mm/s for CS and for
full half-width at half maximum (W), =0.02 mm/s for AE,, and +0.02 for the intensities. The temperature stability was better than +2 K. An underlined

value is constrained, i.e., F14 at 295 K was fitted with only one doublet.
* The values for F17 are from Annersten et al. (1982).
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Fig.9. Mossbauer spectrum of sample W12 [(Fe, ;,Zn, 55),Si0,]
recorded at 627 K. Fe at position 1 in Table 1 is denoted by
short dashed lines, Fe at position 2 by long dashed lines. For
further information, see caption to Fig. 7.

etc. Ideal solid-solution conditions give activity coeffi-
cients equal to unity. Owing to the limited solid solution
in the Zn,SiO,-Fe,Si0, system, such conditions cannot be
assumed to prevail here. Anyway, the cation-distribution
coefficient K, is a fair approximation of K, if the activity
factors are reasonably close to unity:

KD — XFeMl(l B XFeMz) .
XFeMz(l - XFeMl)
The K}, values obtained are presented in Table 2 and show
a clear preference for Fe>* to occupy the M(2) site (average
Ky, = 0.43 in the interval studied). If K, = K,,, the change
in Gibbs free energy (AG = —RT In K;) in a vacuum at
1000°C, assuming the annealing temperature to be the
characteristic temperature, is ~8.9 kJ/mol (2.1 kcal/mol).
Substitution for Fe in the fayalite structure by transition
metals other than Zn has been studied recently by other
groups and by us, and the preferences are shown in Figure
10. The tendency to occupy the M(1) site compared to
M(2) is given by the following sequence (ionic radius is
below each ion):

Ni2+ > (C02+’Zn2+) > (Mg2+,Fez+) > Mn2+’
0.69 0.745 0.74 0.72 0.78 0.83

i.e., Ni** prefers M(1) in (Ni?*,Fe?*)-olivines, but Mn?*
prefers M(2) in (Mn?*, Fe?*)-olivines and in (Mg?*, Fe?*)-
olivines there is a random ordering. One of the factors
influencing the preferences is the radius of the different
divalent cations, and therefore we have given the effective
ionic radius in high-spin octahedral configuration below
each element in the sequence above, according to Shannon
(1976). As mentioned earlier, M(1) is smaller than M(2);
thus the sequence found supports an assumption that the
preferences are mainly governed by ionic radii (Mg?* is
an exception).

Cation preferences in the willemite structure

In spite of the structural change, the ordering of (Fe,Zn)
is of the same strength in the Zn-containing fayalites and
the Fe-containing willemites (Table 2). If size consider-
ations prevail, Zn?* being a smaller ion (0.60 A compared
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Fig. 10. Fe site occupancies in olivines (equilibration tem-
perature, 1000°C): Ni-Fe from Annersten et al. (1982), Co-Fe
from M. Jali (pers. comm.), Fe-Mg from Brown (1982), Mn-Fe
from Annersten et al. (1984), Zn-Fe from this study.

to 0.63 A for Fe?* in 4-coordination; Shannon, 1976)
should occupy the Zn(1) position, which is 0.011 A small-
er compared to the Zn(2) position (Klaska et al., 1978).
Such an assignment corresponds to ““position 1”’ being the
Zn(1) position in Table 2. However, this assignment can-
not be verified using CS/AE, values from Mdssbauer spec-
troscopy as already mentioned.

The intracrystalline exchange of Fe and Zn in the wil-
lemite structure can be described as

2+ 2+ = 2+ 2+
anosition 1 + Fepositicm 2 anosilion 2 + Feposition 1<

Following the same procedure as mentioned above, one
can calculate cation-distribution coefficients valid for the
willemite-phase samples.

The obtained K, values (average, 0.49), if characteristic
for the annealing conditions of 1000°C and 0 bar, corre-
spond to a change in AG of ~7.6 kJ/mol (1.8 kcal/mol)
with a preference for Fe?* in “position 2 (Table 2).

Phase transition

The two-phase region obtained (~52-83 mol% of
Fe,S10, in vacuum at 1000°C) is most likely sensitive to
pressure. The volume per (Zn,Fe),SiO, unit is 88.66 A?
for W13 and 76.58 A for F13 (Table 1), indicating that
the fayalite structure is a high-pressure polymorph. This
is probably true for compositions near the two-phase re-
gion. For comparison, at 1200°C the solubility limit of
7Zn,Si0, in the Mg,SiO, olivine is ~75% at 90 kbar, but
only ~249% at 1 bar (Syono et al., 1971). However, a high-
pressure study, up to 170 kbar at temperatures up to
1500°C, of pure Zn,SiO, revealed five high-pressure poly-
morphs, none being olivine-like (Syono et al., 1971).

Navrotsky (1973) made an extrapolation from solid-
solution data to estimate the volume of Zn,SiO,, hypo-
thetically having the fayalite structure, and got a volume
increase of 17.2% when Zn,SiO, transformed from fayalite
to willemite structure. Using data in the same publication,
it is possible to estimate a volume increase of ~19% when
Fe,SiO, transforms hypothetically from fayalite to willem-
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ite structure. This is in good agreement with our data
presented here, giving a volume increase of ~17% in the
transition region.

The obtained two-phase region can also be used for
making estimations of changes in Gibbs free energy when
Fe,SiO, hypothetically transforms from fayalite (fa) to
willemite (wi) structure. Following a procedure proposed
by Navrotsky and Kleppa (1967), the result is

AG = —2RT In (X}y/XE) = 9.90 kJ/mol
(=2.36 kcal/mol);

when Zn,SiO, hypothetically transforms from willemite
to fayalite structure,

AG = =2RT In (X%&/X% =~ 21.97 kJ/mol
(= 5.25 kcal/mol).

Xy = Fe/(Fe + Zn) in the willemite structure at the border
to the two-phase region and so on. Such an estimate is
very rough as it neglects deviations from ideality in the
two solid solutions. Navrotsky (1980) estimated (from
activity data) AG = 10.5 kcal/mol when Zn,SiO, hypo-
thetically transformed from willemite to fayalite structure
at 1 bar and 1323 K. Our estimation above gives a much
lower value. However, it seems as though most of the
deviation is due to the rough model used. Using the same
model, the value of 10.5 kcal/mol corresponds to X%/
Xz = 0.14, i.e., a much smaller solubility of Zn in the
fayalite structure than we actually measure at 1273 K.
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