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Site occupancy and two-phase character of ..ferrifayalite"
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Ab6tract

Low-temperature (down to 4.2 K) 57Fe Miissbauer spectra have been taken of "fenifaya-
lites" (Fe3*-rich fayalites) from three localities. Room-temperature spectra show two pairs of
peaks, due to ferrous and ferric ions in octahedral coordination. The peaks due to ferrous iron
split at low temperatures to form a pattern consistent with that of "normal" ferrous fayalite.
The peaks due to ferric iron split independently to form at least one hyperfine sextet.

Based on these observations, a two-phase structure for "ferrifayalite" is proposed, in which
"ferrifay^alite" is composed of an intergrowth of "normal" ferrous fayafitJ and laihunite,
Fe2+Fet*(sioo)r. This model is supported by scanning electron microscope (SEM) photo-
graphs showing the two phases.

In addition, infrared spectra and plots of Ml and M2 octahedra size vs. cation radius were
used to estimate site occupancy of laihunite. The M2 site was found to contain ferric ions
alone, whereas the M1 site contains a mixture of ferrous ions and vacancies.

Introduction

"Ferrifayalite", a variety of fayalite containing from
about ten to forty weight percent FerO3, was first dis-
covered in 1976 in Chin4 and was given the name laihu-
nite (Laihunite Research Group, 1976, 1982). prior to that
time, two discoveries of fayalite containing ferric iron had
been made in the Soviet Union, but these discoveries
remain unconfirmed. One mineral was called talasskite (Ni-
kitin, 1934), the other ferrifayalite (Ginzburg et al., 1962).
Shorply after the discovery of laihunite, two more localities
were found, also in China (Ferrifayalite Research Group,
1976;Zhanget al., 1981), but these Fe3+-rich fayalites were
named ferrifayalite, because the discoverers believed this
mineral to be the same as the mineral described by Ginz-
burg et al. This confusion persists in the literature today.

In this paper the term "ferrifayalite" refers in general to
any fayalite containing several percent or more ferric iron,
and the term laihunite refers to a sample with approxi-
mately the composition Fe2 +Fe! +(SiO4)r.

Recently two2 more "ferrifayalite" localties have been
confirmed (Schaefer, 1983a,b). These were found by exami-
nation of the Miissbauer spectra of selected samples that
were identified as fayalite in museum collections.

1 Present address: Carnegie Institution of Washington, Geo-
physical Laboratory,280l Upton Street, N.W., Washington, D. C.
20008.

2 Schaefer reported the discovery of three new "ferrifayalite"
lgcalities, with the sahple from one of the localities showing a
visual appearance and Mrissbauer spectrum slightly different from
that of the others. This sample has since been shown probably not
to be true "ferrifayalite" (Schaefer, 1985, in prep.).

Experimental
Samples for study included "ferrifayalite" from Qianan County,

China, as well as'ferrifayalites" from the more recently discovered
localities of Mourne Mountains, Ireland, and Pantelleri4 ltaly.

The three "ferrifayalite" samples and a standard of Rockport
fayalite (Palache, 1950) were each ground under aoetone, exam-
ined under a microscope, and hand-picked when necessary to
remove impurities. The samples were then finely ground again
under acetone, and any magnetite present was removed with a
hand magnet (a necessary procedure, because "ferrifayalite" and
magnetite are very similar in appearance).

Sample volumes were weighed such that there would be ap-
proximately 8 mg/crn2 Fe in the Mcissbauer sample holder (Dyar,
1982, 1984), and then ground under acetone together with enough
sugar to completely fill the sample holder, so that the orientations
of the 'Terrifayalite" particles would be randomized.

Room-temperature Miissbauer spectra were taken on an Austin
Science Associates sp€ctrometer. The 7-ray sourc€ was sTCo dil-
fused into either Pd or Rh foils having activities of 50 to 100 mc.
Spectra were calibrated against metallic Fe foil. Baseline counts
generally exceeded one million counts per channel. Miissbauer
parameters were determined with the computer program devel-
oped by Stone et al. (1971).

Low-temperature Mrissbauer spectra were taken on a sp€c-
Eometer with a Ranger drive and multichannel aDLalyz.er and Janis
Corporation cryogenics. Sample holders were cooled by a spray of
fiquid nitrogen or liquid helium, depending on the tcmperature
desired. Temperature was monitored by a thermocouple also used
to feedback information to a controller that supplied a signal to a
heating element in thermal contact with the sample. The 7-ray
souroe was 57Co electroplated onto Rh, with an activity of about
100 mc. Low-ternperature spectra also were calibrated against me-
tallic Fe foil.

All samples were analyzed by powder X-ray diffraction and
electron microprobe. Samples for X-ray diffraction were ground
and purified as for Mrissbauer analysis, but were mixed with a
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small amount of fluorite as an internal standard and mounted on
glass slides. CrKa radiation was used.

Samples, in the form either of powder or of small crystal frag-
ments, were mounted in epoxy for electron microprobe analysis.
These mounts were also used for SEM analvsis.

Results

No iron oxides were detected in the samples, which were
checked by room-temperature Mdssbauer spectrometry
with a wide velocity-range setting (oxide detection limit
approx. I wt.%).

Electron microprobe analysis (Table 1) was used to de-
termine the chemical composition of the samples (Schaefer,
1983a,b). All analyses were found to be similar to fayalite
analyses, although they are apparently deficient in iron
(compared to Rockport fayalite), due to the presence of
vacancies replacing iron in the structure. Powder X-ray
diffraction of the samples was used as a check of their
crystallinity and as a check of their identification as a
single phase. There was a positive correlation between the
diffuseness of the X-ray diffraction spectra and the ferric
iron content of the samples.

The specimens from Mourne Mountains and Pantelleria
have different ferric iron concentrations, and neither has as
much ferric iron as the Chinese "ferrifayalites". The
Miissbauer spectra of all "ferrifayalite" samples are similar
in appearance, with the exception of the variation in the
ratio of ferric to ferrous doublet intensities (Fig. 1). Ferrio-
ferrous ratios were calculated from the room-temperature
Mcissbauer spectra (Schaefer, l983a,b), and are summarized
in Table 2. Miissbauer parameters at room temperature are
summarized in Table 3.

Low-temperature Miissbauer sp€ctra of the samples were
taken at many temperatures from 215 K down to 4.2 K.
Two types of spectra were seen: "normal" fayalite (Rock-
port fayalite), and "ferrifayalite" (Qianan County "ferrifaya-
lite", Mourne Mountains "ferrifayalite", and Pantelleria
"ferrifayalite"). The "ferrifayalite" spectra are similar in ap-
pearance to the laihunite spectrum observed by Kan and
Coey (1985).

Rockport
w t . A  I o m u l a

Pantel ler la

The Mdssbauer spectrum of "normal" fayalite shows a
single ferrous doublet at temperatures from room temper-
ature down to 65 t 2 K (Kiindig et al., 1967; Santoro et
al., 1966). At 65 K a magnetically ordered Miissbauer spec-
trum appears (Fig. 2). This transition is sharp, and consists
of the splitting of the two-peak spectrum into a 16-peak
spectrum, which results from a superposition of eight lines
each produced by the two iron sites (Kiindig et al., 1967),
though it has not been determined which site produces
which octet. There is also a pronounced I point in specific
heat measurements of fayalite at 65.0 K (Kelley, 1941).

"Ferrifayalite" spectra show two low-temperature transi-
tions (Fig. 3). The three samples of this type differ only in
the proportions offerric to ferrous iron. Above about 100-
150 K, the four-peak, room-temperature-type spectrum is
seen. Below 150 K, the ferric doublet gradually decreases
and is replaced by what appears to be one or more hyper-
fine sextets (Fig. a). Below lfi) K, the ferric doublet is
absent, but the ferrous doublet is unchanged. The width of
this transition probably results from inhomogeneity in the
crystal, which is also indicated by the diffuseness of the
X-ray spectra.

Between 50 K and 70 K (Fig. 5), a second transition is
seen. This transition consists of the replacement of the fer-
rous doublet by the normal low-temperature fayalite spec-
trum. This pattern is almost entirely overshadowed by the
sextet pattern from the ferric iron, particularly at lower
temperatures (Fig. 6). It is diffrcult to tell whether the ferric
peaks, also, are undergoing a transition over this temper-
ature range, due to the extreme complexity and poor reso-
lution of the spectra, particularly of the more ferric-rich
samples.

The samples were also examined semi-quantitatively by
SEM. An intergrowth texture on a scale of tens of microns
was observed in the samples from Mourne Mountains (Fig.
7), Qianan County, and Pantelleria. No such texture was
observed in the Rockport sample. No particulate impu-
rities were observed in any sample.

The intergrowth texture observed consisted of two
phases, in varying proportions, and was somewhat similar

Qianan Co.--;t.7----f 
omula-

Table 1. Electron microprobe analysis of'Terrifayalites" and Rockport fayalite

Mourne Mts.

s io2  29  .  06r { .15

T io2  0 'o r lc .00

A1^0.  0 .00+0.00

Feo**  67 ,28+4.33

MgO 0 .08+0,03

MnO 2 .28+O.O7

CaO 0 .00+0.00

K^0 0 .00+0.00

S @  9 8 . 7 1 + 0 . 3 4

2 9  . 7 2 + 4 , 2 L

0.00+o.02

0.00+o.00

63.24+O.2 \

1 .60+0.04

4 . 0 8 { { , 0 9

0.51+0 .08

0.00+0.00

99 .  l5+0.  25

1,00+o.01

0 .00+0,00

0.00+0.00

1.  94+0 .01

0 .02+0 .01

0.00+0 .00

0.00+0.00

0.00+o .00

2.96+0 .02

1.00+0.01  30 .4310.  19  1 .00+0.01

0,0010.00  0 .01r { ,01  0 .00+0.00

0.00a0.00  0 .01+0.01  0 ,00r { .00

1.7210.00  67 .79+o.36  1 .7010.01

0.08+0.00  0 ,38+0,02  0 ,00+0.00

0.12+0.00  3 .14+0,09  0 .0810.00

0.02+0.00  0 .06+0.02  0 .0o !0 .00

0.0010.00  0 ,00+,0 ,00  0 .00+0.00

2.94+O.Or  95 .82+n.42  2 .78+0.01

30.97+O.67 1,00+0.02

0.00+0.00 0.00+0.00

0.00{.00 0.00{{ .00

59 ,  76+0.38 1.  61+0.01

1.45+0.03 0.07r{ .00

0.08+0.04 0.00+0.00

0.00+o.00 0.00{o,00

0.00+o.00 0.00+0.00

92,26+0,77 2.68+0.02

*Fomula based on I  Si  per nolecule. Pure fayal i te should have 2 Fe atons; pure lalhunlte should have 1.5 Fe atom€.

**Total  
l ron analyzed as Feo,
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to that observed in "ferrifayalite" from two Chinese local-
ities (Kitamura et al. 1984). One phase was identified by
backscattered electron analysis as (ferrous) fayalite, and the
lther phase, which had a lower iron to silicon ratio, as
laihunite. Qianan County "ferrifayalite" had the largest
proportion of laihunite, and Pantelleria "ferrifayalite" the
smallest. No magnetite was detected.

In the spectrum from Mourne Mts., which produced the
clearest SEM photographs, the laihunite domains are seen
to be extensively cracked, compared to adjacent areas of
the crystal containing little or no laihunite. Possible rea-
sons for this cracking will be discussed in the next section.

Discussion

Fu et al. (1982), who have studied "ferrilayalite" by
single-crystal X-ray diffraction, suggested that the laihunite
structure is very similar to that of ideal R2+SiO4 olivines
such as fayalite, but with a systematic alternation of vacant
and Fe2+-occupied Ml sites. The M2 sites are occupied by
Fe3+ cations. Further work by Tamada et al. (1983) sup-
ported this hypothesis. Fu et al. also postulated the exis-
tence of two types of twin-related domains in "ferrifayalite"
(which they called laihunite). The two domains, which con-

tain different amounts of ferric iron, are irregularly distrib-
uted in the crystal, and are separated by an inhomogeneous
boundary region.

The work I have done on "ferrifayalite" is consistent
with the major points of Fu et al.'s hypothesis. The powder
X-ray diffraction spectra indicate that the structure of "fer-
rifayalite" is very similar to that of fayalite; when both
phases (laihunite and fayalite) are present in a sample, the
spectral lines are broadened and diffuse, instead of being
resolved into two different patterns. The room-temperature
Miissbauer spectra indicate that both ferrous and ferric

Table 2. Ferric-ferrous ratios of samples, based on Miissbauer
peak areas

Seple local i ty Ferr lc-ferrous rat io
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95
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Fig. I' Room temperature Mcissbauer spectra of Rockport fayalite and three 'Terrilayalites". These sp€ctra were fitted with the
program described by Stone et al. (1971) (A) Rockport, Massachusetts; (B) Pantelleria, Italy; (C) Mourne Mountains, Ireland; (D)
Qianan County, China.

- 1  0 1 2 3 4 5
mm/sec

g e 8

{ sz
I
t e 6

100

99

E
E g e

!

3 9 7

Rockport, l,tA

Pantel ler ia,  I taly

Mourne lloutrtalns, Ireland

Qiamn County, Chlna

(F"2+1tr 
t)M1 

(F.}r 
r)Mz {sto o),

0

0 .  1 9

0 . 4 6

l .  3 8

2 . 0 0

mm/sec

mm/s€c



732 SCH AEF ER : SIT E OCCU P AN CY OF,, F ERRI F AY ALIT E, '

Table 3. Mijssbauer parameters of 'Terrifayalites" and Rockport fayalite at room temperature (in mm/sec).

Ferrous peaks Rockport Pantel ler ia Mourne Mt6. Qlanan co.

C e n t e r  s h i f t

Quadrupole spl i t t lng

Average peak wldth

Ferr ic peaks

Center shi f t

Quadrupole Bpl i t t ing

Average peak sidth

1 .1667+O.0075

2.80  77+O,0084

0.  3633+0.0026

1 .1542+O.0039

2.8202+0.OO44

0.3872+0.0014

0.3843+0.0043

0.9123+0.0048

0.4360+0 ,0067

1.  1573+0.  0021

2.8164+0.0026

0 . 3:J86+0.0019

0 ,4071+0.0025

0 .8523+0 .0032

0.  3877+0,0045

1.1687{ { ) ,0040

2.8L291A .0046

0.4161+0.0024

0 .4312+O.0036

0,  8893+0.0019

0.4837{ { .0021

iron are in octahedral coordination, in the M1 and M2
sites of olivine.

Infrared spectra of fayalite and "ferrifayalite" taken by
several authors (Huggins, 1970; Zhang et al., 1981) were
compared in order to estimate site populations. The
strength of the band marked in Figure 8 is dependent on
the average Fe2+ and Mn2+ content in the Ml site (Hug-
gins, 1970). Because these spectra come from samples with
very similar amounts of Fe and Mn (63 to 67 wt.% FeO
* FerO. and less than about 3 wt.%o MnO), the variations

of the strength of this band indicate a variation in the
average M1 site pop-ulation of iron (and manganese), as
opposed to a variation in the total iron content of the
samples.

The spectrum of Rockport fayalite shows the greatest
intensity for this band, followed by the spectrum of
Mourne Mountains "ferrifayalite". The two spectra of
Chinese "ferrifayalite" are similar to one another, and show
the least intensity for this band. This fact suggest that in-
creasing ferric iron content in these samples decreases the
amount of iron in the Ml site. so that the Ml site is
populated with a combination of iron atoms and vacancies.

Plots were made (after Brown (1970, 1982) of average
metal--oxygen distance vs. cation radius and average
oxygen-oxygen distance vs. cation radius for the Ml and

-10.0 -5.0 0.0 5.0 10.0

VELOCITY (mm/sec)

Fig. 2. 2O K Mcissbauer spectrum of Rockport fayalite, with
peak assignments from Ktindig et al. (1967). It is not known
whether the A or the B sites correspond to the Ml or the M2 sites.

M2 sites. When an average metal-oxygen distance for the
M2 site of pure laihunite calculated from data given by Fu
et al. (1982) is plotted and a linear variation ofthe parame-
ters (determined by Brown, 1970) assumed, a cation radius
of 0.645A may be determined from the gaph (Fig. 9A).
This radius is very similar to the cation radius for Fe3+
(0.64A) given in Shannon and Prewitt's (1969) table of
cation radii, and quite different from the Fez+ cation
radius (0.74A) from the same sour@. Plotting this Fe3+
cation radius and Fu et al.'s average oxygen--oxygen dis-
tance on the second graph (Fig. 98) also produces a good
fit with the line determined by Brown (1970).

This procedure cannot be duplicated with the M1 site,
because there are insuffrcient data on the size and shape of

Oianan terrifayalite

-10.0 -5.0 0.0 5.0 10.0

VELOCITY (mm/ssc)

Fig. 3. Change in Qianan County "ferrifayalite" Miissbauer

spectrum with temPerature.
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-10.0 -5.0 0.0 5.0 10.0
VELOCITY (mm/s)

Fig. 4. Miissbauer spectra of "ferrifayalites" at 100 K.

the vacancy sites. If values of average metal--oxygen and
averagg oxygen-oxygen distance are taken from Fu et al.,
and Shannon and Prewitt's Fe2+ cation radius is used,
disagreement with Brown's linear fit occurs (Fig. 9). This
result supports the idea of vacancies concentrated in the
Ml sites (distorting the average Ml site and changing its
size).

A possible structure for laihunite, based on the above
work and on Fu et al.'s (1982) structure refinements, is
shown in Figure 10. There is a regular alternation of oc-
cupation and absence with respect to Fe2+ cations in the
M1 site, and all the M2 sites are filled with Fe3+ cations. A
single phase with this structure, howevor, should not pro-
duce the low-temperaturc Mdssbauer spectra observed.
The "ferrifayalite" low-temperature M6ssbauer spectra all

Mourne Mts,

5 5 K

Pantelleria

Mourne Mts.

-10.0 -5.0 0.0 5.0 10.0
VELOCITY (mm/sec)

Fig. 5. Miissbauer spectra of 'I'errifayalites" at 55 K.

Pantelleria

Mourne Mts.

-10.0 -5.0 0.0 5.0 10.0
VELOCITY {mm/sc}-

Fig. 6. Miissbauer spectra of "ferrifayalites" at 20 K.

showing two-phase structure and exsolution texture. Scale as
shown.
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1400 1200 1000 800 600 400 2
Wavenumber {cm-1 }

Fig. 8. Infrared spectra of Rockport fayalite and some'ferrifay-
alites". (A) Rockport fayalite (Huggins, 1970); (B) Mourne Moun.
tains "ferrifayalite" (Huggins, 1970); (C) Chinese 'Terrifayalite"
Lr_, (Zhang et al., 1981); (D) Chinese "ferrifayalite" 79Lr_n(Zhang
et al., 1981).

show an ordinary fayalite spectrum superimposed on an-
other pattern. The other pattern appears to be caused by
either ferric iron alone or possibly by a combination of
ferric and ferrous iron3,

This behavior indicates that the ferric and ferrous ions in
"ferrifayalite" are completely magnetically uncoupled. In
the suggested laihunite structure, the M1 and M2 octa-
hedra containing ferrous and ferric iron share edges, which
can result in interaction between the iron atoms. Indeed, it
is dilficult to arrange the ferrous and ferric ions in the
olivine structure in such a way for there not to be any
shared edges between their respective coordination octa-
hedra.

Also, the presence of the normal fayalite low-
temperature Miissbauer spectrum as part of the "ferrifaya-
lite" spectrum implies the presence of ferrous ions in equal
proportions on both the Ml and M2 sites, according to the
magnetic model proposed by Santoro et al. (1966). This
seeming contradiction in the data can be resolved if one
assumes that "ferrifayalite" consists of domains of fayalite
and of laihunite, intimately mixed on a very fine scale. Thc
varying ferric-ferrous ratio of "ferrifayalite' is then seen as

3 The low temperature Miissbauer spectrum of 'Terrifayalite"

has been interpreted by Kan Xuemin (priv. comm.) to consist of
two octets produced by ferrous iron, one sextet produced by fer-
rous iron, and two s€xtets produced by ferric iron. Although this
interpretation is consistent with the spectra I have observed, it is
diffrcult to confirm, due to the extreme complexity of the spectra.
If the s€xtet pattern is indeed due to a superposition of three
sextets, one produced by ferrous iron, there should be a reduction
in the intensity of the unsplit ferrous doublet over the temperature
range of the ferric transition. This reduction has not been ob-
served, but this may be in part due to the lack of a constant peak
with which to compare the ferrous doublet intensity.

the effect of mixing different proportions of fayalite with
laihunite.

The presence of the ordilary fayalite Miissbauer spec-
trum in a 'Terrifayalite" sample can now be explained as
being produced by the domains of ordinary fayalite. The
fact that the ferric and ferrous ions seem to be completely
uncoupled is now understandable, ifferric and ferrous ions
are more or less isolated from one another, segregated into
the two types of domains. SEM photographs, taken to test
this hypothesis, do appear to show a two-domain structure,
with domain sizes of about 5pm or more.

If the laihunite structure is as is proposed, the cracks
that are seen preferentially in the laihunite domains should
not come as a surprise. It is very likely that a material
containing such a large proportion of vacancies should be
somewhat unstable and, consequently, subject to frac-
turing. Also, il either laihunite forms as an alteration prod-
uct of ferrous fayalite, as Kitamura et al. (1984) believe, or
it fiorms syngenetically with the fayalite, fracturing appears
likely.

As an alteration product of fayalite, laihunite could be
formed by the oxidation of ferrous iron in the lattice, form-
ing vacancies to balance the charge and consequently re-
moving ferrous ions. The resulting distortion of the lattice
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Fig. 9. (A) Average metal-oxygen distance vs. cation radius for
the Ml and M2 sites in olivine (after Brown 197O 1982); (B)
Average oxygen-oxygen distance vs. cation radius for the Ml and
M2 sites in olivine (after Brown 1970, 1982).
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could cause the observed cracks. If laihunite crystallizes
with fayalite out of the melt, perhaps exsolving as the two
end members of a solid solution, the difference in size of
their unit cells and their difference in symmetry (monoclinic
laihunite as opposed to orthorhombic fayalite) could result
in enough stress to produce the observed cracks.

The part of the low-temperature *ferrifayalite"

Mcissbauer spectrum that remains when the fayalite spec-
trum is subtracted is still somewhat puzzling. Although it
would appear, at fust glance, to be produced by the ferric
ions alone, it seem more likely that it should be produced
by a combination of ferrous and ferric cations in the laihu-
nite domains.

Summory
"Ferrifayalite" consists of two phases intimately mixed

on a scale of tens of microns. One phase is ordinary ferrous
fayalite. The other phase is a Fe3+-rich olivine with the
formula Fe2+Fe;+(SiO+)2, ot, perhaps more properly,
(Fe?*81)Mr(Fe3*)M2(SiO4)2. This phase has a structure
similar to fayalite, but contains only Fe3 * in the M2 cation
site, and a (probably ordered) mixture of Fe2* cations and
vacancies in the Ml cation site. The two phases can be
distinguished in SEM photographs.

Miissbauer spectra taken at room temperature merely
show the presence of both ferrous and ferric iron in octa-
hedral coordination, however. The low-temperature spectra
are interpreted to be a superposition of the spectrum of
ferrous fayalite and of laihunite. It is not possible at the
present time to resolve completely the laihunite spectrum,
but it seems likely that it contains as many as 18 lines,
resulting from the hyperfine splitting of the lines produced
by ferric and ferrous ions.
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