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INTRODUCTION

Orthopyroxene, (Mg,Fe)2Si2O6, is an abundant mineral in 
mafic rocks of Earthʼs crust and upper mantle. Although the 
existence of several Mg2Si2O6 polymorphs has been demonstrated 
from both laboratory experiments and natural occurrences, or-
thoenstatite (OEN, space group Pbca) is by far the most abundant 
(Deer et al. 1978). Low-clinoenstatite (LCE, P21/c) is rare in 
terrestrial rocks, being found in meteorites, in unusual volcanic 
rocks (Komatsu 1980; Shimbayashi and Kitamura 1991), and as 
fine scale intergrowths in OEN of igneous and metamorphic rocks 
(Bozhilov et al. 1999; Busek and Iijima 1975). High-pressure 
clinoenstatite (HPCE, C2/c) (Ross and Reynard 1999; Angel et 
al. 1992; Ulmer and Stalder 2001) is a non-quenchable high-
pressure polymorph. Protoenstatite (PEN, Pbcn) (e.g., Jiang 
et al. 2002) and high-temperature clinoenstatite (HTCE, C2/c) 
(e.g., Shimobayashi and Kitamura 1993) have been reported as 
high-temperature (1 atm) polymorphs of Mg2Si2O6, the latter 
being non-quenchable.  

The high-temperature 1 atm phase relations of Mg2Si2O6-py-
roxene polymorphs are uncertain. Shimobayashi and Kitamura 
(1993) showed by high-temperature TEM analyses that OEN 
transforms to HTCE above ~1200 °C (1 atm), finding no evidence 
for PEN. However, several reports concluded that at 1 atm PEN 
is the only stable phase between ~1000 °C and the incongruent 
melting point of 1557 °C (e.g., Boyd et al. 1964; Murakami et 
al. 1982; Schrader et al. 1990; Boysen et al. 1991; Biggar 1992; 
Thiéblot et al. 1999; Jiang et al. 2002). These results are sup-
ported by molecular dynamics simulations (Matsui and Price 
1992) and lattice dynamics calculations (Choudhury and Chaplot 
2000; Choudhury et al. 1998), which suggest that OEN trans-
forms to PEN, not HTCE, at high temperatures. Some studies 
indicate that both HTCE and PEN have high-temperature stabil-
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ABSTRACT

Single-crystal Brillouin scattering measurements on natural orthoenstatite [OEN] to 1350 °C at 1 atm 
show significant softening of the elastic moduli C33 and C55 ahead of a phase transition. To our knowl-
edge, these are the first observations of acoustic mode-softening in orthoenstatite at high temperature 
and room pressure and could have important implications for Earth's mantle. The phase transition is 
rapid and shows some hysteresis in the observed transition temperature, Ttr. Experiments performed 
on increasing and decreasing temperature bracket the transition temperature between 1090(10) °C ≤ 
Ttr ≤ 1175(10) °C, and pronounced acoustic mode-softening is evident at temperatures above 900 °C. 
Backscattering measurements to T = 1350 °C show no evidence for additional transitions. OEN was 
recovered at room temperature. Our results are interpreted in terms of elastic softening ahead of a 
displacive phase transition. Before the displacive transition can occur, however, the elastic softening 
appears to trigger the observed reconstructive transition to the more-stable protoenstatite (or high 
clinoenstatite) structure. We suggest that the displacive phase transition would lead to a previously 
unreported pyroxene structure with Cmca symmetry. 

ity fields (Ernst and Schwab 1970; Iishi and Kitayama 1995). 
Intermediate phases also have been described near the transi-
tion (e.g., Schrader et al. 1990). Furthermore, the temperatures 
reported for the transition of OEN to a high-temperature phase 
ranges from 950 °C (Smyth 1971) to 1230 °C (Shimobayashi 
and Kitamura 1993). The conflicting results on the stabilities 
of the enstatite polymorphs have been explained by variations 
in sample chemistry (sometimes induced by fluxes), grain size, 
thermal history, microstructures, as well as the difficulty of ac-
curately identifying different polymorphs by X-ray diffraction 
(XRD) (e.g., Sarver and Hummel 1962; Brown and Smith 1963; 
Sueno and Prewitt 1963). Regardless of which high-temperature 
polymorph is observed, the transition has been reported to be 
sluggish and partially reconstructive, requiring the breakage of 
Mg-O bonds (e.g., Smyth 1974a). 

In the present study, we measured the acoustic properties 
of natural OEN in the temperature range from 20 to 1350 °C 
at 1 atm in an attempt to clarify the mechanism and transition 
temperature of OEN to a higher-temperature polymorph. Elastic 
softening was observed in OEN, and we propose that it can be 
understood in terms of strain coupling to the order parameter for 
a displacive phase transition to a new orthopyroxene structure 
with space group Cmca. Most unusually, this softening seems to 
trigger the observed reconstructive transition to the equilibrium 
high-temperature structure.

EXPERIMENTAL PROCEDURES

Colorless, euhedral single crystals of orthoenstatite from Zabargad Island, 
Egypt were used in this study (Kurat et al. 1993). The simplified chemical formula, 
as determined from electron microprobe analyses, is: (Mg0.994Fe0.002Al0.004)2(Si0.996 

Al0.004)2O6 (Jackson et al. 2003). Polarized IR spectral analyses of OEN from the 
same bulk sample indicates the presence of 70 ppm OH- by weight (Skogby et al. 
1990). Independent high-temperature (1 atm) Brillouin experiments were conducted 
with two scattering geometries: 80° symmetric scattering (platelet geometry), and 
180° backscattering geometry. In the symmetric scattering geometry, sound veloci-
ties are obtained directly, whereas backscattering experiments yield the product of 
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refractive index and compressional-wave velocity, nVP. All Brillouin measurements 
were performed using an Argon ion laser (λ = 514.5 nm) and a piezoelectrically 
scanned, 6-pass tandem Fabry-Perot interferometer (see Sinogeikin et al. 1998 for 
details). Inclusion-free single crystals were oriented and polished to a thickness of 
150 and 300 μm, respectively. The symmetry and orientation of the samples were 
verified using x-ray diffraction before each Brillouin experiment. 

For the symmetric scattering experiments, a (010) plate was loaded into a 
platinum holder and fixed using zirconia cement. No reaction was observed between 
the sample and cement during the experiment. The sample and holder were loaded 
into a high-temperature cell designed for symmetric scattering (Sinogeikin et al. 
2000). The temperature was monitored using three thermocouples (two R-type 
and one K-type) adjacent to the sample. The maximum difference between the 
thermocouple measurements was 7 °C. Brillouin spectra were collected in ~100 
°C increments from 23 to 800 °C, and in 25 °C increments to 1175 °C. All spectra 
in the symmetric scattering experiment were collected on increasing temperature. 
The sample was held at each temperature for about 2 h, with the total duration of 
~48 h for this experiment. 

For the backscattering experiments, an OEN plate with (001) surfaces was 
loaded without cement in a platinum envelope. This orientation was chosen be-
cause the symmetric scattering experiments indicated that the maximum elastic 
softening in the a-c plane occurs for the wave vector parallel to (001). A ceramic 
high-temperature furnace with a small optical aperture was used for backscattering 
measurements. This cell attains higher temperatures with smaller thermal gradients 
(Jackson et al. 2003), as compared with the cell designed for symmetric scattering. 
The platinum envelope and sample were attached to a ceramic tube and positioned 
in the center of the heating elements. The temperature was monitored by two R-type 
thermocouples on opposite sides of the sample. The maximum difference between 
the thermocouple measurements was 2 °C. Spectra were collected on increasing 
and decreasing temperature (Fig. 1). For the temperature interval 20 to 1000 °C, 
Brillouin spectra were collected in 100 °C increments with the sample being held 
at each temperature for ~30 min. Spectra were then collected in intervals of ~25 
°C up to 1200 °C, with the sample being held at each temperature for ~20 min 
(Fig. 1a, temperature path 1). The temperature was decreased from 1200 to 1140 
°C, and spectra were then collected every 10 min at 25 °C increments from 1140 
to 1350 °C (Fig. 1b, temperature path 2) with clear indication of a phase transition 
to a higher temperature phase. The temperature was then decreased from 1350 to 
1190 °C. Spectra were collected every ~50 °C from 1190 to 1000 °C, and every 
~200 °C from 850 to 23 °C (Fig. 1c, temperature path 3), corresponding to a cool-
ing rate of about 7°/min. The duration of the entire backscattering experiment was 
about 16 h. Orthoenstatite was verified as the recovered phase using a polarizing 
microscope and monochromatic XRD. 

RESULTS

The results from the backscattering and symmetric scatter-
ing experiments are shown in Figures 2a and 2b, respectively. 
In order to calculate the high-temperature, single-crystal elastic 
moduli, the density and, therefore, the volume thermal expan-
sion is required. In a separate experiment, we determined the 
thermal expansion coefficient of OEN from the same bulk 
sample and obtained α(T) = 29.7(16) × 10–6 K–1 + 5.7(11) × 
10–9 K–2T (Jackson et al. 2003). Measurements of transverse 
and longitudinal velocities along [001] allowed the moduli C33 
and C55 to be determined from the relationships C55 = ρVS,(001) 
(polarization parallel to [100]), and C33 = ρVP,(001), respectively. 
Within the uncertainties of the data, C33 and C55 exhibit a linearly 
decreasing trend with temperature up to about 900 °C (Fig. 3). 
At T > 900 °C, significant non-linear softening occurs in both 
moduli, which is a common type of pre-transitional behavior 
for displacive structural phase transitions (Pelous and Vacher 
1976). In the temperature range from 20 to 1150 °C, C33 and C55 
decrease by 52 and 31%, respectively. 

From room temperature to 1350 °C, we observed only one 
phase transition on increasing temperature (Figs. 1 and 2). The 
transition occurred at 1175 °C in the symmetric scattering experi-
ment and at 1250 °C in the backscattering experiment, which are 
in the middle-to-upper range of previously measured transition 
temperatures obtained for natural single-crystal OEN starting 
material (Fig. 4). Our observation is consistent with the study by 
Boysen et al. (1991) who observed only one transition on increasing 
temperature, but inconsistent with the studies of Brown and Smith 
(1963), Ernst and Schwab (1970), and Schrader et al. (1990), who 
reported intermediate phases or multiple phase transitions. Reid 
and Cohen (1967) described the Norton County (meteorite) OEN 
as having severely deformed and undeformed, as well as ordered 
and disordered regions occurring in the same crystal, perhaps ex-
plaining the large scatter in previous experiments on Norton OEN 
(Fig. 4). On decreasing temperature, the backscattering data are not 
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FIGURE 1. Selected Brillouin spectra from 
high-temperature backscattering measurements: 
(a) temperature path 1, heating; (b) temperature 
path 2, heating; (c) temperature path 3, cooling 
(see text for details). Coexistence of OEN and 
the high-temperature phase is observed at Ttr on 
increasing and decreasing temperature. Some 
intensity from shear modes results from the finite 
aperture of the optics. OEN = orthoenstatite, HTP 
= high-temperature phase. 
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FIGURE 2. (a) The product of refractive-index (n) and compressional-
wave velocity (VP) (with wave vector approximately parallel to [001]) 
plotted as a function of temperature from backscattering measurements 
of single-crystal orthoenstatite. Temperature paths correspond to 
those in Figure 1. Errors are smaller than the size of the symbols. (b) 
Compressional (VP) and shear (VS) wave velocities in enstatite measured 
in three crystallographic directions as a function of increasing temperature 
from symmetric scattering measurements. All symbols correspond to 
crystallographic directions relative to OEN. Errors in velocity are the 
same for all crystallographic directions. 
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FIGURE 3. Single-crystal elastic moduli (C33 and C55) for orthoenstatite 
as a function of temperature (see text for discussion). Errors are smaller 
than the size of the symbols.
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FIGURE 4. Phase transformations in Mg2Si2O6 OEN to a higher-
temperature polymorph (1 atm), as observed by various studies that 
used either natural or synthetic (no fluxes) OEN as starting material; all 
temperatures are taken from the first observation of the high-temperature 
phase on increasing temperature. Brief sample descriptions are cited 
adjacent to each reference; sc = single crystal, pwdr = powdered sample. 
The gray region defines the bracketed transition temperature from our 
study: 1090(10) °C ≤ Ttr ≤ 1175(10) °C. 

inconsistent with the slight stiffening prior to the phase transition 
(Ttr = 1090 °C) observed by Boysen et al. (1991) using inelastic 
neutron scattering. At temperatures less than 1090 °C, our velocity 
measurements gave no indication of a second phase transition, for 
example to LCE, and OEN was verified as the recovered phase. The 
shape of the Brillouin peaks on decreasing temperature is different 
than on increasing temperature (Fig. 1), which we interpret to be 

caused by stacking disorder in OEN. By combining the results 
of the symmetric scattering and backscattering experiments, the 
transition temperature for OEN is: 1090(10) °C ≤ Ttr ≤ 1175(10) 
°C. The transformation is rapid (less than 10 minutes), rather than 
sluggish as suggested by previous XRD measurements (e.g., Yang 
and Ghose 1995a). Although LCE is proposed to be the stable 
low-temperature polymorph (Grover 1972), pressure and/or shear 
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stresses may be necessary to stabilize LCE at ambient conditions 
(e.g., Kriven 1988). Our observations of a rapid transition to OEN 
upon cooling would appear to explain why OEN is the polymorph 
of Mg2Si2O6 that is almost always seen in terrestrial rocks (Deer 
et al. 1978). Brillouin experiments do not provide direct structural 
information, so our results do not distinguish between PEN and 
HTCE as the high-temperature polymorph.

DISCUSSION

Landau theory
The observed softening of C55 and C33 follows a pattern that 

is reminiscent of softening ahead of a displacive phase transition 
that is either tricritical (i.e., intermediate between first and second 
order) or just first order in character (Carpenter and Salje 1998, 
and references therein). Pbca is not a subgroup of either Pbcn or 
C2/c, with the implication that both Pbca ↔ Pbcn and Pbca ↔ 
C2/c transitions must necessarily be reconstructive. Therefore, the 
elastic softening could not be associated directly with either of the 
two phase transitions that are actually observed at Mg-rich and Fe-
rich compositions. There are only two orthorhombic space groups 
of which Pbca is a subgroup, namely Cmca and Ibca. Cmca is 
more likely for a hypothetical high-temperature orthopyroxene 
structure because the relationship between Cmca and Pbca is 
closely analogous to the relationship between C2/c and P21/c, in 
that decreasing symmetry involves the loss of C-centering and 
a diad parallel to the crystallographic b-axis. Properties of the 
well-known P21/c ↔ C2/c displacive transition in pigeonite and 
clinoenstatite thus provide a basis for predicting how the Pbca 
structure might behave at high temperatures in the absence of 
reconstructive transitions to the Pbcn or C2/c structures. 

A transition Pbca ↔ Cmca, preserving the unit-cell size, 
has Y2

+ as the active representation (using the notation of Stokes 
and Hatch 1988), and could be driven by a zone boundary soft 
mode. The Landau free energy expansion for this transition has 
the form:
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where Q is the order parameter, Tc is the critical temperature, a, 
b, and c are normal Landau coefficients, λ1-λ6 are coupling coef-
ficients, e1-e6 are strains (e1 ≠ e2 ≠ e3 ≠ 0, e4 = e5 = e6 = 0), and C0

ik 
are elastic constants of the Cmca structure. In its renormalized 
form, this expansion becomes:

G a T T Q b Q cQ= −( ) + +
1
2

1
4

1
6

2 4 6
c

*  (2)

where b* includes the effects of strain/order parameter coupling, 
with strain being proportional to Q2. If it is assumed that the 
transition is tricritical in character (b* = 0), the solution for Q as 
a function of temperature becomes:

Q a
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and the transition occurs at T = Tc. C55 for the Pbca structure is 
then expected to vary as
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The variation of C33 is derived from the usual relationship 
(Slonsczewski and Thomas 1970):
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(see also Carpenter et al. 2003). Substituting the equilibrium 
solution for Q (Eq. 3), with b* = 0, gives:

∂
∂

2

2
24 2G

Q
a T T bQ= −( ) +c   (8)

and, hence:
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.  (9)
Numerical values are not available either for the bare elastic 

constants or for any of the coefficients in Equation 1, but Equa-
tions 3, 4, and 9 at least give the form of temperature dependence 
expected for C33 and C55, (illustrated in Figure 5 for more-or-less) 
arbitrary values of the coefficients. Note that if the transitions were 
just first order (b* < 0), the patterns for C33 and C55 would still be 
similar to those shown in Figure 5, but the transition would occur 
at a temperature Ttr, with Ttr > Tc, and there would be discontinui-
ties in both C33 and C55 at T = Ttr. Note that C33 is predicted to have 
a different temperature dependence from C55, as appears to be the 
case in the observed variations shown in Figure 3.

Analogies with the pyroxene C2/c ↔ P21/c transition
The C2/c ↔ P21/c transition in pigeonite and clinoenstatite 

occurs by rotations of tetrahedra within the pyroxene chains, to 
give a change in coordination around the M2 cation site. There are 
close structural similarities between the Pbca and P21/c structures, 
in that the former is effectively alternating (100) twins of the latter 
on a unit-cell scale (see, for example, Boysen et al. 1991, and refer-
ences therein). The pattern of non-linear variations of tetrahedral 
chain rotation angles with temperature in the P21/c structure, which 
gives rise to the change in coordination at the M2 site (Brown et al. 
1972; Smyth 1974b; Pannhorst 1984; Arlt and Armbruster 1997; 
Cámara et al. 2002), is also displayed by orthopyroxenes (Smyth 
1973; Sueno et al. 1976, 1984; Yang and Ghose 1995a, 1995b). 
In P21/c structures, the rotation angles of the A and B chains con-
verge, becoming identical in the C2/c structure. The difference in 
rotation angles thus reflects the variation of the order parameter 
for the C2/c ↔ P21/c transition. The same convergence occurs 
in Pbca structures and, as already discussed by Yang and Ghose 
(1995b), the difference in chain angles also has the characteristic 
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evolution of an order parameter. It is proposed here that the differ-
ence in chain angles would be the order parameter for the transi-
tion Cmca ↔ Pbca. By analogy with the structural relationships 
between P21/c and Pbca pyroxenes, a Cmca pyroxene might be a 
unit-cell-scale twinned version of C2/c pyroxene, containing only 
one symmetrically distinct tetrahedral chain.

The transition temperature for the C2/c ↔ P21/c transition 
decreases with increasing Ca and Fe content in pigeonite (Prewitt 
et al. 1971; Arlt et al. 2000). The thermodynamic character also 
changes from first order in Fe-free crystals (Tribaudino et al. 
2002) to close to tricritical (2-4-6 Landau potential) in crystals 
with composition ~En47Fs43Wo10 (Cámara et al. 2002, 2003). In 
this context, it is interesting to note that the chain rotation angles 
converge almost continuously at ~1000 ºC in orthoferrosilite 
(Sueno et al. 1976), but show a much smaller convergence by 
~1100 ºC in orthoenstatite. Perhaps the Cmca ↔ Pbca transition 
also would be first order (but close to tricritical) in Fe-free crys-
tals. These temperatures are above the C2/c → P21/c transition 
temperature but the effect of Fe ↔ Mg substitution on the transi-
tion temperature appears to be qualitatively the same. Finally, if 
there are acoustic anomalies associated with a displacive phase 
transition, there also must be strain anomalies. In the present case 
(Eq. 1), the elastic softening of C33 and C55 is being interpreted 
as arising from coupling of the strains e3 and e5 with the driving 
order parameter, Q. Coupling of the form λe3Q2 leads to the rela-
tionship e3 ∝ Q2 and, for a tricritical transition, e3 is thus expected 
to vary as e3

2 ∝ T. This form of coupling should appear in the 
lattice parameters as a strongly non-linear temperature depen-
dence for c. The lattice parameters of pigeonite and clinoenstatite 
show markedly non-linear variations with temperature (Smyth 
1974b; Pannhorst 1984; Tribaudino et al. 2002; Cámara et al. 
2002, 2003) and similar patterns are observed in orthopyroxene 
(Smyth 1973; Sueno et al. 1976; Yang and Ghose 1995a, 1995b; 
Jackson et al. 2003). In particular, a and c display a concave 
upward pattern whereas b is usually concave downward. These 
variations can sensibly be interpreted in terms of order parameter 
coupling with each of e1, e2, and e3, with the consequence that 

elastic anomalies should be expected for C11, C22, C33, C12, C13, 
and C23 in both P21/c and Pbca pyroxene crystals. 

Relationship of the Cmca ↔ Pbca transition to the Pbcn ↔ 
Pbca and C2/c ↔ Pbca transitions

Elastic softening in Pbca enstatite might be indicative of 
a displacive transition at high temperatures, but the transition 
that actually occurs is reconstructive, Pbca → Pbcn (or Pbca → 
C2/c). At Fe-richer compositions, the transition is Pbca → C2/c 
(Smyth 1969; Sueno et al. 1976). The proposed Cmca structure 
does not appear to have an equilibrium field of stability at any 
pressure-temperature range so far investigated. This feature, 
however, does not mean that the transitions are unrelated. In 
particular, the steep decrease of C33 described here suggests 
that the Cmca ↔ Pbca transition temperature is not far above 
~1150 ºC (compare Figs. 3 and 5). Schematic free energy curves 
consistent with our above interpretation are shown in Figs. 6. 
The Cmca structure is shown as being unstable with respect to 
Pbcn at all temperatures. Lowering of the free energy due to 
the Cmca ↔ Pbca transition, by an amount given by Equation 
1, causes the Pbca structure to become more stable than the 
Pbcn structure at low temperatures. If the free energy difference 
between Cmca and Pbcn structures is small, the difference in 
temperature between the two transitions (labeled T1 and T2 in 
Fig. 6) will also be small.

In addition to the issue of thermodynamic stability, the elastic 
softening might enhance the kinetics of the reconstructive Pbca 
→ Pbcn (or Pbca → C2/c) transition. As the crystals become 
elastically soft, they will become progressively more sensitive 
to externally applied stresses. Thus the observed behavior of 
orthopyroxenes may represent a rather rare example of a material 
in which a displacive phase transition to one structure actually 
triggers a reconstructive transition to a quite different structure. 
Furthermore, the elastic softening observed in orthoenstatite 
could have important implications for Earth's upper mantle.

C i
k

T

C33

C55

C33
o

C55
o

FIGURE 5. Predicted pattern of variations for C33 and C55 due to a 
Cmca ↔ Pbca transition described by Equation 1. The elastic constants 
were calculated using Equations 4 and 9 with more-or-less arbitrary 
values for the coefficients.

FIGURE 6. Schematic free energy curves to illustrate a possible 
relationship between Pbca, Pbcn, and Cmca structures of enstatite. A 
displacive Cmca ↔ Pbca transition is shown as occurring at T1 and a 
reconstructive Pbca ↔ Pbcn transition at T2. The Cmca structure is 
shown as being unstable with respect to the Pbca structure below T1 
(solid line, extrapolated below T1 as a dashed line) and to the Pbcn 
structure at all temperatures.
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