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Crystal-chemical reasons for the immiscibility of periclase and wüstite
under lithospheric P, T conditions
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Abstract: We have analyzed the implications of [Mg]VI=>[Fe2+]VI isomorphous substitution in the periclase
structure (B1) which forms, under lithosphericP, T conditions,only very limited solid solutionswith wüstite.The
crystallographicstudy (by single crystal X-ray structure refinements and microprobe analysis) supports the key
role of the cation-cationrepulsive interactions in the crystal-chemicalbehaviour of these closely-packedphases.
The anomalously large octahedralbond lengths in periclase (Mg-O=2.106Å) and in wüstite (Fe-O=2.167 Å) are
the result of otherwise too shortM-M distances(=1.414 · M-O). In particular,the wüstite instabilitybelow570 °C
and theproblematicexistenceof a stoichiometriciron end-member indicatethat theM-M separationin the “ideal”
wüstite, although largely increasedby the anomalouslylarge Fe-O bond length, is still too short to support the B1
structure.Any periclase-wüstite solid solutionwith a wüstite componenthigher than 8.3 % necessarilyentails the
presence of couples of adjacent [Fe2+]VI cations with separations shorter than that of “ideal” wüstite; this makes
the solid solutions in this system even less stable than the pure wüstite. One easy way to reduce the electrostatic
[Fe2+]VI-[Fe2+]VI repulsion, and therefore the instability of iron-bearingpericlase, is the iron oxidation with the
formation of a more stable spinel phase (magnesioferrite), as it has been demonstrated by heat treatment and
structure refinement of several natural ferropericlasecrystalswith 2-5 % of wüstite component. Magnesioferrite
has a unit-cell edge of 8.39 Å which is almost twice the unit-cell of periclase (2 · 4.21 = 8.42 Å) and this allows
the spinel to grow with the same orientation of periclase, being the oxygen arrangement of the two structures
virtuallyidentical.Under very high pressure( 90 GPa) the electrostatic[Fe2+]VI-[Fe2+]VI repulsionof FeO can be
greatly reduced by a phase transition from B1 to B8 (NiAs) structure. In the B8 phase the Fe-Fe separation
becomes 2.57 Å; this short value correspondsto a change in the electronicpropertiesof iron which can now form
metallic bonds, in contrast to MgO (B1) phase which is supposed to maintain its stabilityup to at least 230 GPa.

Key-words: periclase, wüstite, X-ray diffraction,heat treatment, repulsive interactions.

Introduction

The periclase-wüstite solid solution [(Mg,Fe)O] is
believed to be an important component of Earth’s
mantle (Agee, 1998; Bina, 1998), where the high
pressure phase transformation of the silicate spinel
[ringwoodite, (Mg,Fe)2SiO4] produces silicate pe-
rovskite [(Mg,Fe)SiO3] plus an oxide phase in the
periclase-wüstite system. The post-spinel break-

down is assumed to contribute to the seismic dis-
continuities located at 660 km depth, and periclase-
wüstite solid solutions are considered volumetri-
cally significant phases (20 % by volume in a pyro-
lite mantle, according to Bina, 1998) in the lower
mantle (660-2900 km). In the crust, periclase is a
rare mineral and, when it forms, there is usually
negligible or small (< 5 %) wüstite component. Pe-
riclase with the maximum amount of iron so far
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found in nature (0.14 Fe atoms per formula unit,
apfu) are diamond inclusions, suggesting an origin
from ultradeep (>400 km) and highly reduced
source regions (Haggerty, 1991). The lack of natu-
ral wüstite-rich solid solutions, although magne-
sium and iron are so abundant and ubiquitous, sug-
gests that these oxide phases are unstable under the
P, T conditions of formation of the accessible rocks.

The limited MgÞFe2+ substitution occurring in
natural periclase contrasts with the ubiquitous abun-
dance of solid solutions between [Mg]VI and [Fe2+]VI

end-members in the other common minerals, such as
olivine, amphibole, pyroxene, etc. The occurrence of
(Mg, Fe2+) solid solutions is generally justified by the
small difference between [Mg]VI and [Fe2+]VI ionic
radii and by their very similar bonding requirements.

In order to understand the reason for the great re-
luctance of periclase structure to host significant
amounts of iron, at least at lithospheric P, T condi-
tions, we have performed single-crystal refine-
ments of synthetic MgO and of natural periclase
with variable iron content (0.03-0.05 Fe apfu) so
that we may compare bond distances, their varia-
tion with the iron content and possibly determine
the exact iron location and its structural role.

Periclase crystal structure

Periclase crystallizes in the Fm3m space group
(number 225) and its crystal structure (B1, i.e.
NaCl-type) can be described as a cubic close-pack-
ing of oxygen atoms, with all the octahedral inter-
stices (M) occupied by divalent cations and all the
tetrahedral cavities (T) vacant. In the stoichiomet-
ric structure, each octahedron shares all twelve
edges with twelve neighbouring octahedra. Oxy-
gen is in six-fold coordination with the divalent cat-
ion which explains the relatively high density of
end-members (3.58 g/cm3 for periclase and 5.86
g/cm3 for wüstite). The M, O and T sites are in spe-
cial positions (with coordinates 000, ½½½ and
½½½, respectively); for this reason the structural
geometric features are simple linear functions of
the unit-cell edge a. Therefore, the nearest inter-
atomic contacts, their values in Å (for a = 4.211 Å)
and their multiplicity (m) are:

M-O =
a

2
= 2.106 Å, m = 6;

T-O = T-M = a ·
Ö3
4

= 1.823 Å, m = 4;

M-M = O-O = a ·
Ö2

2
= 2.978 Å, m = 12.

All the coordination polyhedra are regular and
identical, so that the M-O / T-O ratio must be:

(
a

2
) / (a ·

Ö3
4

) =
2

Ö3
= 1.155.

Each tetrahedral site, in the first neighbouring
shell, has four oxygens and four cations at the same
distance; consequently, if a T site would be occu-
pied by a cation, four cationic vacancies must origi-
nate around it in order to decrease overbonding on
the involved oxygens and to avoid short T-M con-
tacts (1.823 Å).

Therefore the periclase structure offers only
limited geometric flexibility; the only geometric
variations which can occur are dependent upon iso-
morphous substitutions at the M site, which affect
the M-O bond length and, consequently, the unit-
cell edge and the M-M separation, the ratio be-
tween octahedral and tetrahedral bond distance re-
maining fixed at 1.155.

Experimental

Samples

The crystals studied in this work belong in part to
the mineralogical collection of the Dipartimento di
Scienze della Terra, University of Pavia, and in part
to private collections. The synthesis conditions of
pure MgO crystals (gem quality, colourless, here
named “Per. synt”) are unknown. Natural periclase
(Monte Somma, Italy, here named “Per. 4041” and
“Per. 3363”) is in a paragenesis with a slightly mag-
nesitic calcite (Mg0.05Ca0.95CO3) and shows a dis-
tinct red-brown colour.

Five synthetic MgO crystals and twelve natural
ferropericlase crystals have been used for micro-
probe analysis and for X-ray data collection and re-
finement.

X-ray diffraction

Periclase crystals were selected for X-ray data col-
lection (Philips PW-1100 automated four-circle
diffractometer) on the basis of their sharp diffrac-
tion profiles and of the optimal size required for
collecting very high resolution data (~0.5 · 0.5 · 0.5
mm). Lattice constants have been calculated from
least-squares refinement of the d values obtained,
for 60 rows of the reciprocal lattice, by measuring
the barycentre of each reflection and of its corre-
sponding antireflection in the 2 range between
-70° and 70° (LAT routine of the PW-1100 soft-
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ware). Intensity data were collected for all the re-
flections included within the 2 range 3-134° with

h, k, +l using the step-scan profile technique
of Lehman & Larsen (1974) and -2 scan mode.
The intensity data (~ 680 measured reflections)
were corrected for absorption (µ = 10.23 cm-1 for
MgO; µ = 19.09 cm-1 for Mg0.95Fe0.05O) by the em-
pirical method of North et al. (1968), and for Lo-
rentz and polarization effects; after merging, 55 in-
dependent structure factors (Fobs) were obtained.
The discrepancy factor between equivalent reflec-
tions (Rsym) is very low ( 3.0 %) and no evidence
of lower Laue symmetry has been obtained.

Structure refinement

The crystal structure was refined for all the samples
in the space group Fm3m using the whole set of in-
dependent structure factors; a locally-modified ver-
sion of the program ORFLS (Busing et al., 1962)
implemented by the weighting procedure of Spag-
na & Camalli (1999) has been used, with the
weighting scheme “2” suggested by Cruickshank
(1965). Model parameters include: scale factor,
secondary extinction coefficient, occupancy of the
O site (ionized vs. neutral scattering factors, with
the total constrained to be 1.0), occupancy of the M
site (Mg+2 vs. Fe2+ scattering factors, with the total
constrained to be 1.0) and isotropic atomic thermal
displacement (Biso) for O and M sites. Owing to the
very high resolution of the X-ray data (1.30 Å-1),
the correlation among the six model parameters
was so low that they could all be refined in every
least-squares cycle as independent variables (e.g.
the correlation coefficient between occupancy and
Biso of the M site was always < 0.40). The refine-
ments, carried out by using all the observed F val-
ues, converged to a very low discrepancy factor
(0.007 Rall 0.018; 0.008 Rw 0.020); in the
case of the MgO crystals, the reflection (2 0 0),
which has a low value and a very strong intensity,
was excluded from the refinement in the last cycles.
Final F maps were calculated for all the samples.

SEM-WDS analyses

After X-ray data collection, the crystals were ana-
lyzed with a Jeol JXA 840A scanning electron-mi-
croscope equipped with a WDS analyser for K X-
ray lines operating at 20 kV / 20 nA, using a gas
flow (Ar90-CH410) proportional counter. The stan-
dards were pure pyrope for Mg, and natural alman-

dine for Fe and Mn. Each crystal was analyzed at a
minimum of 10 points and no chemical inhomoge-
neity was detected on this level. Analyses gave to-
tal oxide content very close to 100 %, with no sig-
nificant presence of cations other than Mg and Fe.
Small amounts of manganese (MnO 0.1 weight
%) were detected in the natural ferropericlase sam-
ples.

Crystallographic results

The chemical analysis of one synthetic MgO crys-
tal and of two natural ferropericlase crystals, with
the lowest and the highest iron content (5.23 and
8.22 FeO weight %, respectively), are reported in
Table 1. The refinement results of these three sam-
ples, which are thoroughly representative of the
crystal-chemical behaviour of the 17 refined crys-
tals, are reported in Table 2.

The M-occupancy of the five samples of pure
MgO converged to a mean atomic number (man) of
11.97 ± 0.02 electrons, that is only slightly lower
than the value corresponding to a full Mg-occupan-
cy (12 electrons). The reason for this small, but sys-
tematic, deviation from the expected M-man was
found to result from an incomplete extinction cor-
rection. By excluding from the least-squares proce-
dure the reflection (2 0 0), characterized by a sys-
tematic negative Fo-Fc value, the octahedral occu-
pancy converged in all cases to a M-man of 12 ±
0.02 electrons. The a value is in good agreement
with that reported for pure periclase by Dubrovins-
ky & Saxena (1997). The final F maps do not
show any significant electron density residue. The
isotropic atomic displacement parameters (Biso) of
M and O sites are very similar (Table 2); the Biso of
the O site is only slightly larger than that of M site,
in agreement with the suggestions of Tsirelson et
al. (1998).

Table 1. Microchemical analysis of three selected periclase
crystals.

Per.synt Per.4041 Per.3363

weight %
MgO 100.00 ± 6 93.94 ± 5 90.48 ± 5
FeO 5.23 ± 2 8.22 ± 3
MnO 0.04 ± 1 0.07 ± 1
Tot. 100.00 99.21 98.70
atoms per for-
mula unit
Mg 1.00 0.97 0.95
Fe2+ 0.03 0.05

Periclase-wüstite immiscibility 873



Table 2. Structure refinement results of selected periclase crystals (2 max=134°, MoK ).

Per.synt Per.4041 Per.3363

a (Å) 4.2113 (5) 4.2154 (5) 4.2178 (7)
Rsym (%) 1.40 2.50 1.90
Rall (%) 0.90 1.28 0.65
Rw (%) 1.27 1.55 0.83
G. of F. 0.94 0.74 0.89

F000 (e) 80.00 81.44 82.35
O site population 0.74 O2- + 0.26 O 0.78 O2- + 0.22 O 0.59 O2-+ 0.41 O
Biso O (Å2) 0.36 (1) 0.36 (1) 0.37 (1)
M site population 1.000 Mg2+ 0.974 Mg2+ + 0.026 Fe2+ 0.958 Mg2+ + 0.042 Fe2+

M-man (e) 12.00 (2) 12.36 (2) 12.59 (2)
Biso M (Å2) 0.35 (1) 0.35 (1) 0.34 (1)

M-O (Å) 2.1056 2.1077 2.1089
M-M = O-O (Å) 2.9778 2.9807 2.9824
T-O = T-M (Å) 1.8235 1.8253 1.8264

Number of independent structure factors = 55.

Rsym = conventional discrepancy factor between symmetry equivalent reflections;
Rall, Rw = conventional and conventional weighted disagreement index of the refinement;
G. of F.= goodness of fit = [ w (Fo-Fc)2 / (m – n)]1/2, m = number of observations, n = number of vari-
ables;
F000 = number of electrons in the unit cell; Biso = isotropic atomic displacement parameter.

The refined M-occupancy for the twelve ferro-
periclase crystals was variable from crystal to crys-
tal and showed a substantial scattering with the cor-
responding M-O bond length (Fig. 1). Moreover,
the refinements showed a small but systematic def-
icit in the number of electrons in the M site, i.e. of
octahedral iron, compared to the total iron content
given by the corresponding chemical analysis. Fur-
thermore, in all the final F maps, some low elec-
tron density residual (2-3 times the background)
was located at the tetrahedral site, but for many
crystals it was not possible to refine the T-occupan-
cy. When the T-occupancy refinement converged,
its value was negligible (<0.02 electrons) and,
therefore, it was not possible to reconcile the dis-
crepancy with the chemical analysis (the deficit
was ranging, for all refinements, between 0.06 and
0.35 electrons p.f.u.). Although very small, and
practically not refinable, the electron density resi-
due present in the T site and its relatively small di-
mension (T-O=1.826 Å) suggested that a small
amount of trivalent iron could occupy the T site.
This hypothesis was supported by the fact that, in
all the syntheses of MgO-FeO solid solutions made
so far (Jackson et al., 1978; Bonczar & Graham,
1982; Sre Ïcec et al., 1987; Waychunas et al., 1994;
Reichmann et al., 2000) it was never possible to
prevent the formation of trivalent iron. Even when
syntheses were made under very reducing atmo-

Fig. 1. Octahedral bond length variation vs. mean atomic
number of the M site. The line connects the two stoichio-
metric end-members; the standard deviations, very similar
for all the refinements,are shown only for the three selected
samples of Table 2.

sphere (CO2-H2 Sre Ïcec et al., 1987; Waychunas et
al., 1994) some Fe3+ always formed and its amount
was increasing with increasing total iron content
(Fig. 2). Moreover, some tetrahedral Fe3+ was spec-
troscopically detected by Waychunas (1983) in
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Fig. 2. Concentrationof Fe3+ into syntheticpericlase-wüsti-
te solid solutions (from SreÏcec et al., 1987). XFe3+ = Fe3+/O;
XFe = Fe/(Fe+Mg).

iron-poor synthetic periclase, although its structur-
al role was not clear.

In conclusion, there are three main results from
the crystallographic analysis which need to be ex-
plained:

1) some electron density in the tetrahedral site is
present in all the final F maps of the natural ferro-
periclase crystals; for many reasons this electron
density residue could be associated with the pres-

Fig. 3. A simplified drawing of syntaxial intergrowth of magnesioferrite in the periclase structure. The oxygen packing
(light spheres) remains coherent between the two phases; the M sites (dark spheres) are totally occupied in periclase and
half occupied in spinel, where 1/8 of the T cavities are populated and form isolated tetrahedra.

ence of some trivalent iron, but it was never possi-
ble, by means of structure refinement, to determine
with certainty its amount and its nature;

2) in all the natural periclase crystals, the iron
content measured by microchemical analysis is al-
ways higher than that obtained by (M + T)-occu-
pancy refinement;

3) there are variable M-man values for similar
M-O, and therefore a, values (Fig. 1).

Heating experiments on natural periclase
crystals

In order to cast light on the peculiar crystal-chemi-
cal features apparent in the refinement of natural
periclase, we performed heating experiments on
some of the studied single-crystals. The heating ex-
periments were carried out in air in a temperature
range between 300 and 1600 °C. After each heat-
ing, the crystal was quenched in an H2O bath. With
this treatment our main objectives were:

1) increasing the amount of trivalent iron (at the
expense of the divalent iron) in order, hopefully, to
be able to follow its localization;

2) allowing, by thermal expansion (Dubrovins-
ky & Saxena, 1997), some increase of the unit-cell
edge and, consequently, some size increase of the
tetrahedral cavity in order to favour its occupation
by trivalent iron; the expected bond length for
[Fe3+]IV-O is 1.89 Å (Fleet, 1984), against a T-O
value of only 1.826 Å in periclase;

Periclase-wüstite immiscibility 875



3) quenching-in the high-temperature structure.
The crystals heated above 900 °C showed a col-

our variation from red-brown to black and were
characterized by strong magnetic properties.
Mounting the heated crystals on the X-ray diffrac-
tometer, new reflections were found which were in-
dexed according to an F-centred cubic unit cell
with an edge double of that of periclase and with
the same orientation. The high resolution crystal-
structure refinement of the heated periclase sam-
ples allowed the detection of a significant amount
of a spinel phase (spin), with exactly the composition
of magnesioferrite MgFe2O4, grown within the pe-
riclase (peri) crystal. The structural analogy between
these phases (aperi 4.21 Å, aspin 8.39 Å) allows
their syntaxial intergrowth; the oxygen framework
of periclase has to be only very slightly rearranged
to become part of the structure of magnesioferrite
(Fig. 3). It is possible to monitor the amount of spi-
nel formed during the heat treatment by measuring
the intensity of reflections with uneven indices,
which are exclusive of the spinel phase [e.g. the
strong reflection (3 1 1)]. It was discovered that
these reflections (and therefore the spinel structure)

Fig. 4. Intensity of reflection (3 1 1) diffracted by a single
crystal of natural periclase before (A) and after (B) a heat
treatment at 1100 °C for 4 hours.

Table 3. Structure refinement of a periclase crystal (sample
3363) heated at 1100 °C and composed by a syntaxial inter-
growthof periclaseand magnesioferrite(2 max=134°,MoK ).

3363 heated crystal

Rsym (%) 2.10
Rall (%) 2.38
periclase fraction (%vol) 93.0 (1)

periclase
a (Å) 4.212 (1)
F000 (e) 80.56
Biso O (Å2) 0.36 (1)
M site population 0.99 Mg2+ + 0.01 Fe2+

M-man(e) 12.14 (2)
Biso M (Å2) 0.35 (1)
M-O (Å) 2.106 (1)
composition Mg0.99 Fe2+

0.01 O

magnesioferrite
a (Å) 8.385 (2)
F000 (e) 764.48
u 0.2566 (3)
Beq. O (Å2) 0.51 (4)
M site population 0.37 Mg2+ + 0.63 Fe3+

M-man (e) 20.87 (15)
Beq. M (Å2) 0.48 (1)
T site population 0.30 Mg2+ + 0.70 Fe3+

T-man (e) 21.82 (15)
Beq. T (Å2) 0.43 (1)
M-O (Å) 2.042 (2)
O-M-O (°) 86.83 (10)
T-O (Å) 1.912 (2)
x 0.70
composition (Tsite),
[M site]

(Mg0.30 Fe3+
0.70)

[Mg0.73 Fe3+
1.27] O4

Overall composition of the crystal based on 1 oxygen pfu:
0.93 · (0.99 Mg + 0.01 Fe2+) +

+ 0.07 · (1.03/4 Mg + 1.97/4 Fe3+) =
Mg 0.939 + Fe2+ 0.009 + Fe3+ 0.034 =

91.84% MgO + 1.57% FeO + 6.59% Fe2O3.

Number of independent structure factors = 302.

Legend as in Table 2; u = atomic fractional coordinate of
oxygen; O-M-O = octahedral bond angle; x = spinel inver-
sion parameter; Beq. = equivalent isotropic thermal dis-
placement.

X-ray data collection necessary to refine both periclase and
spinel phases has been performed in a cubic unit cell with
a=8.42 Å; after the data collection, the unit cell edge of pe-
riclase has been calculated from the least-squares refine-
ment of reciprocal rows (LAT procedure) with h, k, l, even
(i.e. the reflections belonging only to the spinel have been
excluded); the unit cell edge of magnesioferrite has been
calculated from LAT procedure of reciprocal rows belong-
ing only to the spinel phase (with h, k, l odd).

were already present in all the natural crystals;
however they have weak intensities and broad pro-
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files (Fig. 4A) so that they are not detectable in the
standard peak-hunting procedure.

After heating the periclase crystals at 1100 °C
for 4 to 5 hours, the intensity of reflection (3 1 1)
reaches its maximum value (Fig. 4B), indicating
that no further oxidation can be achieved. X-ray
diffraction data (up to resolution of 1.30 Å-1) of the
heated crystals were collected in a cubic cell with a
= 8.42 Å and the crystal structures of periclase and
spinel, and their proportion, were obtained by
means of a special least-squares procedure. As far
as the spinel phase is concerned, the oxygen atomic
coordinate (u), the M and T occupancy and the
equivalent isotropic atomic thermal displacement
(Beq) for all the atomic sites were refined (Table 3).
The results show that virtually all the iron original-
ly present in the periclase crystal is now oxidized
giving rise to magnesioferrite, and that periclase
becomes practically pure. Unconstrained site-oc-
cupancy refinement of magnesioferrite gave an al-
most stoichiometric composition in perfect agree-
ment with the refined bond length values. The in-
version parameter (x) of magnesioferrite is in good
agreement with the value estimated in the literature
for these experimental conditions (0.71<x<0.73,
O’Neill et al.,1992). The overall composition of in-
tergrown periclase and magnesioferrite (respec-
tively 93 % and 7 % by volume), obtained from the
chemically unconstrained refinement of the heated
crystal reported on Table 3, is in good agreement
with the microprobe analysis of the 3363 natural
crystal reported on Table 1.

The spinel occurs predominantly along the rim
of periclase crystal; in this region a great number of
precipitates appear (Fig. 5) which correspond to
magnesioferrite domains, all having the same ori-

Fig. 5. Scanning electron micrograph of a periclase crystal
heated at 1100 °C for 4 hours; the spinel precipitates appear
as white dots.

entation of the original ferropericlase crystal. The
macroscopic features showed by the heated crys-
tals are in agreement with those reported in the lit-
erature (Ricoult & Schmalzried, 1987).

The spinel phase remains stable at T 1200 °C;
above this temperature its amount decreases pro-
gressively and at T = 1600 °C all the magnesioferri-
te domains disappear. Very likely the magnesiofer-
rite domains melt so that the iron reacts with the
platinum crucible leaving a crystal of pure color-
less periclase.

Discussion

In Table 4 some crystallographic properties of the
periclase and wüstite end-members are reported. It
has to be noted that a stoichiometric wüstite has
never been found in nature and that also its synthe-
sis is very problematic because of the easy oxidiati-
on of the iron; in fact, only two authors (Katsura et
al., 1967 and Hentschel, 1970) have claimed so far
the synthesis of a stoichiometric wüstite, although
with slightly different unit cell edge (4.323 0.001
and 4.333 0.001 Å, respectively). The values for
wüstite reported in Table 4 refer to the ideal end-
member and have been obtained by extrapolation
(McCammon & Liu, 1984).

The Mg-O bond length in periclase (2.106 Å) is
the largest so far found for magnesium with regular
or almost regular octahedral coordination. The val-
ue of 2.106 Å has to be compared with the Mg-O
distance of 2.078 Å which characterizes the octahe-
dral sites in the most common rock-forming miner-
als, e.g. amphiboles (Hawthorne, 1983) and ortho-
pyroxenes (Domeneghetti et al., 1995). The anom-
alously large octahedral size of the M site in peric-
lase is even more exaggerated in wüstite. In fact,

Table 4. Crystallographic properties of periclase and wüs-
tite.

periclase (MgO) wüstite (FeO)1

a (Å) 4.211 4.334
unit cell vol.(Å3) 74.67 81.41
Z 4 4
density (g/cm3) 3.58 5.86
M-O (Å) 2.106 2.167
octahedral vol.(Å3) 12.45 13.57
T-O = T-M (Å) 1.824 1.877
tetrahedralvol.(Å3) 3.11 3.39
M-M = O-O (Å) 2.978 3.065
1 =values extrapolated by McCammon & Liu, 1984.

Legend as in Table 2.
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going from periclase to wüstite, we observe an oc-
tahedral length variation from 2.106 to 2.167 Å
and, therefore, an octahedral bond increase of
0.061 Å, a value significantly greater than the typi-
cal value of 2.120 – 2.078 = 0.042 Å shown, for in-
stance, by the octahedral sites of amphiboles; like-
wise 0.042 Å is the octahedral bond difference be-
tween magnesite and siderite end members (Effen-
berger et al., 1981). The value of 0.042 Å, that oc-
curs with negligible variations in several femic
rock-forming minerals, can be assumed as the true
ionic radius difference between [Mg]VI and [Fe2+]VI

cations in the absence of strong structural geomet-
ric constraints. It has to be noted that the revised ef-
fective ionic radii of [Mg]VI (0.72 Å) and [Fe2+]VI

(0.78 Å; Shannon, 1976) give a difference of 0.06
Å; however, in rock-forming minerals without
structural constraints, such a large difference has
never been found. Therefore, the anomalous Mg-O
bond length in periclase (2.106 instead of the more
common 2.078 Å) and the still higher value of Fe-O
in wüstite (2.167 instead of the more common
2.120 Å) must be the result of some structural con-
straint, which can only be found in the short separa-
tion between next-nearest identical atoms (O-O =
M-M = 1.414 · M-O). The O-O distance is in the
range of values commonly found in minerals, so the
M-M separation has to be responsible for the in-
crease of the M-O length. Thus, in these closely-
packed phases, the non-bonding requirements of
the cations (the non-bonded radii of O’Keeffe &
Hyde, 1981) are the dominant aspects of the struc-
tural geometry and, consequently, are able to affect
significantly the bond distances.

It should also be considered that the Mg-Mg
separation in periclase (2.978 Å) is one of the short-
est values so far found and that this value has been
obtained by forcing the Mg-O distance to reach the
largest value among the (MgO)VI-bearing com-
pounds. However, since it is relatively easy to syn-
thesize MgO as a stable phase, a value of 2.106 Å
for Mg-O bond length and a Mg-Mg separation of
2.978 Å still clearly fits the stability requirements
of the structure. On the contrary, the Fe-Fe distance
of 3.065 Å in the extrapolated ideal wüstite, al-
though obtained by forcing the Fe-O bond length to
reach the largest value so far found (2.167 Å), is ev-
idently still too short, as indicated by the extreme
difficulty of synthesizing a stoichiometric phase.
With the more common [Fe2+]VI-O value of ~ 2.12
Å, the Fe-Fe separation in wüstite would be so short
(~ 3 Å) to make impossible its crystallization.

The strong electrostatic repulsion between adja-
cent iron cations is therefore responsible for instabil-

ity of wüstite and for its transformation into magne-
tite + Fe at T < 570 °C and one atmosphere (Lindsley,
1991). It also explains the impossibility of synthesiz-
ing wüstite with even a small periclase component
and the occurrence, in nature, of periclase with just a
limited wüstite component. Actually, substitution of
magnesium for iron into wüstite would decrease the
octahedral bond length, according to the lower ionic
radius of magnesium; consequently the unit-cell
edge and the M-M distances in a periclase-wüstite
solid solution would decrease in respect to the corre-
sponding values in wüstite. Since the Fe-Fe contact
in wüstite is at a limiting value for pairs of divalent
iron atoms, its further reduction by substitution of
Fe2+ by Mg is not possible. On the other hand, a limit-
ed substitution of Mg by Fe2+ may occur in periclase,
because it slightly expands the structure reducing the
cation-cation repulsion. Obviously, the extent of the
substitution is limited by the necessity of avoiding
the formation of adjacent Fe2+-Fe2+ pairs. When the
iron occupancy at the M site of periclase exceeds
1/12 of the total occupancy (i.e. 0.083 Fe-apfu) it is
impossible to prevent the formation of Fe2+-Fe2+

pairs at a distance which is significantly shorter than
that occurring in wüstite; the resulting very strong
electrostatic repulsion between adjacent iron atoms
would prevent the formation of solid solutions with
these compositions.

Only under high temperature conditions, with
an increase of the M-M separation because of the
thermal expansion, does it become possible to sta-
bilize ferropericlase with iron content greater than
0.083 Fe-apfu. However, under lithospheric condi-
tions, these iron-rich compositions transform into
an almost pure periclase and a less dense phase, the
spinel structure, characterized by atomic sites with
lower coordination number (oxygens in four-fold
coordination; half octahedral sites occupied and
half vacant; 1/8 of the tetrahedral sites occupied)
and much lower cation-cation repulsion (as indicat-
ed by the presence of cation-oxygen bond lengths
of standard value). This, at least in part, may ex-
plain the widespread natural occurrence of spinel
and the absence in the lithosphere of iron-rich pe-
riclase-wüstite solid solutions.

Conclusions

We have seen that cation-cation repulsive forces
are responsible for the instability of periclase-wü-
stite solid solutions, at least under lithospheric P, T
conditions. Most important is the electrostatic Fe2+-
Fe2+ repulsion occurring in wüstite, which becomes

878 M. Boiocchi, F. Caucia, M. Merli, D. Prella, L. Ungaretti



even stronger in ferropericlase. Under high oxygen
fugacity the strong cation-cation repulsive interac-
tion can be reduced by oxidizing the divalent octa-
hedral iron. In this way ferropericlase transforms
into almost pure periclase and the oxidized iron can
now enter 1/8 of the vacant tetrahedral sites of pe-
riclase giving rise to a spinel phase.

We have shown that this spinel phase has the
composition of magnesioferrite and the same oxy-
gen arrangement and orientation of periclase. This
is made possible by the virtual coincidence of the
oxygen framework in the two structures, as indicat-
ed by the great coherence of their unit cells (8.39 Å
for magnesioferrite and 2 · 4.21 = 8.42 Å for peric-
lase). In other words, the growth of magnesioferrite
is simply obtained by adding oxygen and shifting
the oxidized iron to the vacant tetrahedral sites,
leaving the remaining periclase structure almost
unchanged. It has to be noted that the T site of pe-
riclase is characterized by a T-O bond length
(~1.82 Å) which is too short for any of the available
cations. With the small rearrangement of the oxy-
gen framework required to form magnesioferrite,
the T-O bond length increases up to a value (~ 1.91
Å) which is now perfectly suitable for the T-site
population obtained by the refinement.

Some syntaxial spinel component has been
found in all of the crystals of natural ferropericlase
that we have examined. This allows us to explain
the three main crystallographic results obtained by
the refinement of the natural ferropericlase crys-
tals. The electron density residue seen in the F
maps in the tetrahedral cavity is due to the small
amounts of syntaxial magnesioferrite. However,
the T-occupancy refinement was unsuccessful be-
cause the measured reflections were only those in-
dexed with the periclase unit-cell (merged to 55
Fobs). Consequently, most of the reflections neces-
sary to refine the T-occupancy, and precisely those
belonging only to the spinel phase (302 – 55 = 247
Fobs), were not collected. Similarly, the 55 Fobs col-
lected to refine periclase cannot give correct results
because they are inevitably affected by the pres-
ence of syntaxial spinel, in which 1/2 of the octahe-
dral sites are vacant. Therefore, the M-vacancy of
the spinel phase affects the refined M-man of peric-
lase which, necessarily, is underestimated accord-
ing to the amount of intergrown magnesioferrite.
Finally, due to the strong structural analogies be-
tween periclase and spinel, the presence of variable
amounts of the latter does not produce significant
variation of the a value which remains unchanged
for all the crystals coming from the same sample;
therefore, the refined M-man values of ferroperi-

clase crystals deviate from the line shown in Fig. 1
according to their spinel content.

The presence of some spinel phase in all the
studied natural samples suggests that, at least under
lithospheric P, T conditions, iron-bearing periclase
is unstable and spontaneously transforms into a pe-
culiar two-phase assemblage (periclase and mag-
nesioferrite) in which the amount of magnesioferri-
te depends upon the amount of iron which is oxi-
dized.

Quite different is the situation occurring in wü-
stite which is always characterized by a marked
nonstoichiometry due to a partial iron oxidation oc-
curring even under very reducing atmosphere. Sev-
eral different hypotheses have been proposed about
the arrangement of point defects in wüstite, with
clusters of octahedral vacancies and tetrahedral oc-
cupied sites having different size according to P, T,
fO2 or other experimental conditions (Catlow,
1981; Sørensen, 1981; Welberry & Christy, 1997;
Minervini & Grimes, 1999). Very likely the instabili-
ty of wüstite can be greatly reduced by the formation
of a defect structure which, more or less quickly,
evolves towards the formation of a spinel phase
(magnetite). The wüstite-magnetite transformation
is, at least in part, made difficult by the significant
difference in the geometry of the oxygen framework
of the two phases (2 awüs = 8.67 Å to be compared
with amag = 8.39 Å). The geometrical misfit between
wüstite and magnetite makes highly improbable a
coherent coexistence of the two phases, as it happens
with the periclase-magnesioferrite pair. Therefore,
the energetics of the process forming a spinel phase
from ferropericlase or from magnesiowüstite is not
the same and the process very likely will follow dif-
ferent crystal-chemical patterns.

Periclase and wüstite are also very different in
their behaviour under very high pressure. MgO is
supposed to maintain the B1 structure up to at least
230 GPa (Duffy et al., 1995), whereas FeO exhibits
complex polymorphism under pressure, with a ma-
jor phase transition occurring at P 90 GPa and T
= 873 °C (Mao et al., 1996). In particular, as shown
by in situ high-P, high T X-ray diffraction (P = 96
GPa, T = 1073 °C; Fei & Mao, 1994), the B1 struc-
ture of FeO changes to a B8 (NiAs-type) distorted
hexagonal closest-packed analogue. In the B8
structure the nearest neighbour Fe-Fe distances are
much shorter (2.57 Å) than in wüstite, indicating an
FeO transition from an ionically bonded structure
to a strongly covalent and metallic one (Mazin et
al., 1998).

In conclusion the non-bond requirements of the
cations explain the poor miscibility, under litho-
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spheric P, T conditions, between isomorphous
closely-packed phases characterized by strong re-
pulsive interactions (not only between periclase
and wüstite but also between corundum and hema-
tite). On the contrary, complete miscibility between
isomorphous end-members can easily occur when
their structure does not have short intercation sepa-
rations. A clear example of complete miscibility
between Mg and Fe end-members is that offered by
the magnesite-siderite series, which forms a com-
plete solid solution along their join (manuscript in
preparation); in this structure, although character-
ized by a dense oxygen packing, the octahedra do
not share edges, remaining at a sufficient distance
(> 3.6 Å) to avoid any repulsive interaction.
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