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Abstract The P21/c clinopyroxene kanoite (ideally
MnMgSi2O6) was studied as a function of pressure and
temperature using powder X-ray di�raction, di�erential
scanning calorimetry (DSC) and optical methods. The
temperature of the P21/c to high-temperature (HT) C2/c
transition ranges from 425 °C in endmember
MnMgSi2O6 to 125 °C in natural samples with an ae-
girine component. Compiling pigeonite and clinoensta-
tite±clinoferrosilite literature data, the temperature of
the transformation was found to decrease linearly with
M2 cation size. A synchrotron powder di�raction study
in a heated diamond-anvil cell (DAC) yielded compres-
sion and thermal expansion data for low kanoite of
composition Mn1.2Mg0.4Fe0.4Si2O6. The high-pressure
(HP) phase transition from P21/c to HP C2/c was re-
versed at 5.8 GPa at 417 °C. The high-temperature
phase transition from P21/c to HT C2/c was rather in-
distinct and occurred at approximately 530 °C and 0.76
GPa. In a separate experiment, the HT transition was
observed optically in a hydrothermal DAC between 0.0
and 0.4 GPa. The in-situ P-T data of both experiments
yielded an increase in transition temperature with in-
creasing pressure (approx. 149 °C/GPa) and suggest a
change in character of the transition from ®rst order to
continuous with increasing pressure. The data indicate
that the HT C2/c and HP C2/c polymorphs are distinct
phases with di�erent stability ®elds. Since the high-
temperature and the high-pressure polymorphs of

kanoite were shown to be isotypic with other low-Ca
clinopyroxenes such as the (Mg,Fe)SiO3 series, the
conclusions we draw from this study are valid for all
clinopyroxenes with small (<0.88 AÊ ) M1 and M2 cation
sizes. The petrologic implications of these conclusions
for the occurrence of ``clinoenstatite'' in the Alpe Arami
peridotite are discussed.

Introduction

Pyroxenes with low-Ca or -Na contents such as ensta-
tite, ferrosilite, pigeonite or kanoite (ideally
MnMgSi2O6), exhibit complicated polymorphism with
pressure and temperature. At ambient conditions most
of these pyroxenes have primitive space groups, mono-
clinic P21/c or orthorhombic Pbca, and structures which
are both characterized by two di�erent [Si2O6]-chain
angles. Whereas phase transitions involving orthopy-
roxenes are reconstructive, clinopyroxenes undergo dis-
placive phase transitions at high temperature (HT) as
well as at high pressure (HP) in which both chains be-
come equal and the symmetry increases to space group
C2/c. In this paper, the high-temperature form is de-
scribed as HT C2/c while the high-pressure form is
denoted HP C2/c.

The high-temperature transformation of low clino-
pyroxenes has been investigated extensively by X-ray
techniques both in pigeonite (Mg,Fe,Ca)M2(Mg,Fe)M1

Si2O6 (Morimoto and Tokonami 1969; Smyth 1969;
Brown et al. 1972; Prewitt et al. 1971) and in the clino-
ferrosilite±clinoenstatite solid solution (Fe,Mg)SiO3

(Smith 1969; Smyth 1974; Sueno et al. 1984). The phase
transitions from P21/c to C2/c and vice versa are rapid,
non-quenchable and reversible; for example the Ca-poor
lamellae of exsolved clinopyroxenes (e.g. in volcanic
rocks) are found in space group P21/c at ambient con-
ditions as a result of inversion from the HT C2/c
structure. Transition temperatures (to HT C2/c) range
from 1180 °C in clinoenstatite (Shimobayashi and Kit-
amura 1991) to 200 °C in synthetic pigeonite
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Ca0.4Fe1.6Si2O6 (Prewitt et al. 1971). The latter authors
observed that the transition drops with increasing Fe
content, but a more general relationship with composi-
tion has yet to be developed. Similarly, the pressure
dependence of the P21/c to HT C2/c phase transition is
unknown for any composition.

At upper mantle pressures, the stability of a second
C2/c pyroxene polymorph has recently been demon-
strated (e.g. Pacalo and Gasparik 1990; Kanzaki 1991;
Woodland and Angel 1997). The P21/c to HP C2/c
phase transition is controlled by the e�ective cation size,
but in addition, the HP C2/c clinopyroxenes may be
stabilized by crystal ®eld e�ects (Arlt et al. 1998). From
crystal structure criteria Hugh-Jones et al. (1994) and
Arlt et al. (1998) suggested that the HP C2/c and the HT
C2/c structures are distinct phases in a thermodynamic
sense. Kanoite is of potential interest in this context as
the crystal structures of the kanoite polymorphs are
isotypic with other low-Ca clinopyroxenes and the
high-temperature phase transition is at much lower
temperature than for the enstatite±ferrosilite clinopy-
roxenes (Gordon et al. 1981; Arlt and Armbruster
1997). Kanoite therefore provides an opportunity to
study the relationship between the HT and HP C2/c
forms. A detailed knowledge of these phases is of par-
ticular relevance because relicts of high-pressure clino-
pyroxene are claimed to have been observed in the Alpe
Arami peridotite (Bozhilov et al. 1999) which, if the
interpretation is true, would have important conse-
quences for the mechanisms of ultra-high-pressure
metamorphism of crustal rocks and their subsequent
exhumation. We therefore present the results of a series
of experiments on kanoite designed to illuminate the
general phase relation of pyroxenes.

Experimental methods

Syntheses

The synthetic kanoite crystals were synthesized using the ¯ux-
growth method described by Skogby (1994) and hydrothermal
techniques. In the ¯ux run an oxide mixture (6MnO2:2MgO:1
Fe2O3 mol% in R8059), excess SiO2 (quartz) and a nutrient to
Na2B4O7-¯ux ratio of 2:1 by weight was used. These charges were
heated at 1100 °C in a graphite crucible, equilibrated for 24 h,
cooled down to 750 °C at 4 °C/h, and ®nally quenched to room
temperature. The crystals were isolated by dissolving the ¯ux with

HCl. In the hydrothermal runs R8020, R8024 and R8095, stoi-
chiometric MnO2-MgO mixtures and an excess of quartz were
used. All charges were sealed in Au-capsules and allowed to react 8
days at 750 °C and 0.2 GPa. To increase the crystal size, a small
amount of saturated KCl-solution was added to the oxide mix of
R8095 (run duration 39 days). The oxygen fugacity was bu�ered by
Ni-rods included as spacers together with the NiO-coating of the
bomb walls. The white colour of the run products and a structure
re®nement on a ¯ux-grown crystal (Arlt et al. 1998) indicate the
absence of Mn3+.

Synthesis of clinopyroxenes along the kanoite±diopside join was
done in a piston cylinder using (R8007±R8014) glass mixtures as
starting materials. The glass was obtained by melting a mixture of
CaCO3 + MgO + MnO + SiO2 at about 1500 °C (2 h) in a
graphite crucible under an argon atmosphere and by quenching the
melts. The starting mixtures with (Ca,Mn)MgSi2O6 stoichiometries
were loaded dry into small graphite crucibles at 900 °C and
1.5 GPa (internal pressure) with talc as pressure transmitting me-
dium. After a run duration of usually 7±14 days the capsules were
quenched to room temperature. The synthesis conditions of all
investigated kanoites are summarized in Table 1. The compositions
of the run products are given in Tables 2 and 3.

Analytical methods

In addition to synthetic samples, natural kanoite, from Bani Hamid
(United Arab Emirates) as already studied by Gnos et al. (1996)
and Arlt and Armbruster (1997) were investigated. The chemistry
of the grains given in Table 2 represent the compositional spread of
kanoite in the same sample (6005). The chemical composition of
the natural and synthetic kanoites was determined with a
CAMECA SX50 electron microprobe. Synthetic tephroite (Mn),
forsterite (Mg), anorthite (Ca), almandine (Fe,Si,Al) and albite
(Na) were used as standards. The operating conditions were 15 kV
accelerating potential and 20 nA beam current. The acquired sig-
nals were corrected for atomic number, mass-absorption and sec-
ondary ¯uorescence e�ects using the CAMECA-PAP version of the
Pouchou and Pichoir (1984) procedure. The clinopyroxene analyses
were normalized on the basis of four cations p.f.u. (M2M1Si2O6)
with the Fe2+/Fe3+ ratio obtained from charge balance. Due to the
small amount of Fe3+ in the studied clinopyroxenes, the un-
certainty in Fe2+/Fe3+ ratios only have a minor e�ect on our
conclusions. Cations were allocated to the M1 and M2 sites ac-
cording to the procedure described in Morimoto et al. (1988). Site
M1 was ®lled to sum to 1.00 with cations in the order Al3+, Fe3+,
Mg2+, Fe2+, Mn2+ while M2 was ®lled to sum to 1.00 with the rest
of Mg2+, Fe2+, Mn2+ as well as Ca2+ and Na+. The e�ective M1
and M2 cation sizes were then calculated for these occupancies
using the cation radii of Shannon (1976).

In natural kanoites and R8059 and R8095, the transition tem-
perature of the P21/c to HT C2/c phase transition was measured
optically at ambient pressure using a polarizing microscope
equipped with a tilting compensator and a LINKAM THMSG 600
heating stage (accuracy �1 °C; Arlt and Armbruster 1997). Due to
the small crystal size from syntheses R8020 and R8024, di�erential
scanning calorimetry (DSC) and high-temperature Guinier mea-

Table 1 Synthesis conditions of investigated kanoites

Run Apparatus Starting material Capsule P (GPa) T (°C) t (days) Product

8007 Piston cylinder Glass mixtures, Graphite 1.5 900 7 Table 4
8009 Piston cylinder melted from Graphite 1.5 900 14 Table 4
8010 Piston cylinder CaCO3-MnO2- Graphite 1.5 900 14 Table 4
8013 Piston cylinder MgO-SiO2 Graphite 1.5 900 14 Table 4
8014 Piston cylinder Graphite 1.5 900 8 Table 4
8020 Hydrothermal MnO2-MgO-SiO2 Au 0.2 750 8 Table 3
8024 Hydrothermal MnO2-MgO-SiO2 Au 0.2 750 8 Table 3
8095 Hydrothermal MnO2-MgO-SiO2 Au 0.2 750 39 Table 3
8059 Flux grown MnO2-MgO-Fe2O3-SiO2 Pt-crucible Atmospheric 1100±750 3.5 Table 3
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surements were used to track the phase transition. High-T Guinier
measurements were performed at the ETH±ZuÈ rich on a HUBER
di�ractometer equipped with a Guinier High-Temperature Cham-
ber 632. The temperature was increased from 350 °C to 840 °C in
35 °C steps. At each step the exposure time was 1.5 hours. Cell
parameters were calculated from X-ray powder patterns with the
program GIREV. Excess quartz in the experimental products was
used as an internal standard. The DSC measurements were done at
the Chemistry Department at the University of Bern using a
METTLER DSC and GraphWare TA72.

Powder X-ray di�raction experiments (Table 4) were carried
out in situ at high pressure and temperature in a diamond-anvil cell
equipped with a resistance heater (Fei et al. 1992). A 0.2 mm
diameter hole in a rhenium gasket, which was pre-indented to a
thickness of 0.07 mm, served as the sample chamber. Synthetic
kanoite powder (R8059, Mn1.2Mg0.4Fe0.4Si2O6) was loaded to-
gether with NaCl (sample:salt = 2:1), which was used as a pres-
sure indicator. A mixture of methanol and ethanol (4:1) served as
the pressure-transmitting medium. A monochromatic [k =
0.4859(2) AÊ ] X-ray beam was generated by the pair of phased
undulators of the ID30 beamline of the ESRF (European Synch-
rotron Radiation Facility, Grenoble) and selected with a channel-
cut Si-(111) monochromator. The powder di�raction patterns were
recorded with a fast online image plate reader (Thoms et al. 1998).
The 2-d data were ®rst corrected for ¯at®eld e�ects and inherent
detector distortions and then integrated into an intensity versus 2-
theta pattern using the program Fit2d according to the procedure
described by Hammersley et al. (1996). Final data analysis was
done by Rietveld re®nement using the program package GSAS
(Larson and Von Dreele 1994). Pressure was calculated from the
NaCl cell parameter using the equation of state (EoS) given by
Birch (1986).

Additional high-P-T experiments were performed in a hydro-
thermal diamond-anvil cell at the Bayerisches Geoinstitut. The
design of a similar DAC and the method was described in Bassett
et al. (1993). A polished section of approx. 60 lm thickness of
natural sample 6005 (UAE) was loaded with pure water as hy-
drostatic pressure medium. The density of the ¯uid was calculated
according to Haar et al. (1984) and the isochore was calculated
from the temperature of homogenization of an air bubble in the
water using the EoS of Saul and Wagner (1989). The phase tran-
sition in kanoite was easily observed under a polarising microscope
with crossed polarizers as a spontaneous increase in optical retar-
dation.

EoS of low kanoite and the high-pressure
phase transition (P21/c-HP C2/c)

The kanoite powder R8059 with composition
Mn1.2Mg0.4Fe0.4Si2O6 (with the P21/c to HT C2/c phase
transition observed optically at 400 °C, Table 2) was
used in the high-P/high-T synchrotron powder di�rac-
tion study. The cell parameters measured at each P-T
point are given in Table 4 and the P-T path followed is
indicated in Fig. 1. With the exception of measurements
above 5.9 GPa (hs059±hs062) which were performed in
the HP C2/c phase ®eld, and the data points hs083 to
hs088 which are considered to be HT C2/c, all other P-T
data points lie in the low kanoite (P21/c) stability ®eld.
X-ray re¯ections of the type h+k = odd (e.g. 2 3 �3)
which are forbidden in the C2/c space group but allowed
in P21/c pyroxenes were observed in low kanoite.

The P-T-V data of low kanoite (P21/c) given in
Table 4 were ®t with a 3rd-order Birch-Murnaghan
equation of state at high temperature, as proposed by
Saxena and Zhang (1990):T
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P � 3=2KT ;0��VT ;0=V �7=3 ÿ �VT ;0=V �5=3�
� f1ÿ 3=4 �4ÿ K 0T ;0���VT ;0=V �2=3 ÿ 1�g

with

KT ;0 � K298;0 � �dKT ;0=dT �p�T ÿ 298�
and where K298,0 is the bulk modulus at ambient con-
ditions and (dKT,0/dT)p is the temperature derivative of
the bulk modulus at constant pressure.

The unit-cell volume VT,0 is a function of the thermal
expansion a:

VT ;0 � V298;0 exp

ZT

298

�a0 � a1T �dT

A preliminary ®t of the T versus V data given at ambient
pressure by Arlt and Armbruster (1997; 25±200 °C),
showed that within the uncertainties of the data no de-
viation from linearity could be observed. Therefore the
quadratic term from thermal expansion, a1, was set to
zero and the zero pressure volume was ®xed at V298,0 =
437.0 AÊ . Re®ning the remaining parameters to the
dataset yielded:

K298;0 � 84�7�GPa; �dKT ;0=dT �p � ÿ0:007�12�GPa=K;

a0 � 3:9�2� � 10ÿ5 Kÿ1; K 0298;0 � 6�3�:
The obtained pressure derivative of the bulk modulus
K 0298;0 is close to the value reported for P21/c clino-
enstatite of 6.6(1.1) GPa (Angel and Hugh-Jones 1994).
The calculated bulk modulus of 84(7) GPa for kanoite is
lower than those reported for most of the other clino-
pyroxenes (e.g. KT,0 = 104 GPa for diopside; Zhang
et al. 1997 or KT,0 = 111 GPa for clinoenstatite; Angel
and Hugh-Jones 1994). However, it is similar to that of
hedenbergite (KT,0 = 83 GPa, Zhang and Hafner 1992).
In contrast to the compression data, the thermal ex-
pansion of low kanoite a0 = 3.85(11) � 10)5 K)1 is
higher than the thermal expansion determined for
FeSiO3 and MgSiO3 pyroxenes (2.0±3.2 � 10)5 K)1;
Hugh-Jones 1997).

The high-pressure phase transition from P21/c to HP
C2/c was observed between 5.68 GPa (hs058 at
421.5 °C) and 5.90 GPa (hs062 at 414.8 °C). With the
phase transition reversed at 5.79(9) GPa at 417(3) °C
and 5.06 GPa at the room-temperature study of Arlt

et al. (1998), the slope of the P21/c to HP C2/c phase
boundary is similar to those reported for ferrosilite
(Woodland and Angel 1997).

The high-temperature phase transition (P21/c-HT C2/c)

Compositional dependence

Arlt and Armbruster (1997) showed that the P21/c-HT
C2/c transition is accompanied by non-linear steps in the
cell parameters and birefringence. We have now mea-
sured similar changes in unit-cell parameters for syn-
thetic kanoite with Mn0.98Mg1.02Si2O6 composition
(R8020) calculated from high-temperature Guinier data
between 320 °C and 700 °C (Fig. 2). At 425 °C the �2 2 1
re¯ections of both low kanoite (P21/c) and HT kanoite
(C2/c) appear at d = 3.020 AÊ and 3.035 AÊ . This shows
that both polymorphs of kanoite coexist at 425 °C.
Although the reason for this coexistence (also observed
by Arlt and Armbruster 1997) is not clearly understood
yet, metastability or kinetic e�ects can be excluded. In
ZrO2 a similar behaviour was explained by strain energy
stabilization (Subbarao et al. 1974). Di�erential scan-
ning calorimetry (DSC) on Mn0.98Mg1.02Si2O6 (R8020)
yielded an endothermic peak corresponding to a mini-
mum (the sample included approx. 10 wt% excess
quartz) of DH (425 °C) = 0.8 kJ/mol. A DSC mea-
surement on the Mn-richer sample Mn1.1Mg0.9Si2O6

(R8024) gave a lower transition temperature of 385 °C
(Table 2). The optical investigation of MnMgSi2O6

(R8095) showed the coexistence of the P21/c and the
C2/c phase between 390 °C and 410 °C.

In Table 2, the composition of the investigated nat-
ural and synthetic kanoite samples are listed together
with the measured transition temperature and calculated
e�ective size of the M2 site. Synthetic kanoites show the
P21/c to HT C2/c transition between 385 and 425 °C
which is signi®cantly higher compared with the transi-
tion of natural kanoites (125±330 °C, Table 2). This
di�erence is due to a small Ca content (0.06±0.12 p.f.u.)
that occurs in natural kanoites and reduces the transi-
tion temperature (e.g. compare samples from Balmat or
Buritirama with the synthetic endmember R8095). In

Table 3 Composition and cell parameter of cpx along the join kanoite±diopside

Reference/run X(Ca)a X(Mg)a X(Mn)a a (AÊ ) b (AÊ ) c (AÊ ) b V (AÊ 3) Space group

Ghose et al. 0 1.1 0.9 9.719 8.917 5.248 108.51 431.29 P21/c
Huebner 0 1.0 1.0 9.732 8.934 5.245 108.52 432.41 P21/c
Run 8007 0.1 1.0 0.9 9.749 8.932 5.260 108.47 434.38 P21/c
Run 8010 0.3 1.0 0.7 9.763 8.929 5.278 108.08 437.31 C2/c
Run 8009 0.4 1.0 0.6 9.757 8.927 5.276 107.83 437.48 C2/c
Run 8014 0.5 1.0 0.5 9.761 8.932 5.270 107.28 438.75 C2/c
Run 8013 0.65 1.04 0.31 9.746 8.928 5.262 106.77 438.37 C2/c
Bruno et al. 1.0 1.0 0 9.750 8.926 5.251 105.90 439.50 C2/c
Sasaki et al. 1.0 1.0 0 9.741 8.919 5.257 105.97 439.10 C2/c
Ahn et al. 1.0 1.0 0 9.751 8.931 5.255 105.89 440.15 C2/c

aNormalized to X(Ca) + X(Mg) + X(Mn) = 2 = M2+; clinopyroxenes M2�
2 Si2O6
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addition, in natural kanoites from the United Arab
Emirates, a strong decrease of transition temperature
with increasing Na content (mainly aegirine component)
was observed (Fig. 3). The substitution of only 0.01 Na
p.f.u. on the M2 site lowers the transition temperature
by approximately 25 °C. The observed phase transition

in kanoite from Buritirama, Brazil (described by
Schultz-GuÈ ttler et al. 1986) which is Na-free, perfectly
®ts this trend (Fig. 3).

Clinopyroxenes along the pseudo-binary join
kanoite±diopside show a complete solid solution at
temperatures above 700 °C (Gordon et al. 1981) which

Table 4 P, T and cell parameters of kanoite measured in a heated diamond anvil cell at ESRF

File T (°C) P (GPa) aNaCl (AÊ ) a (AÊ ) b (AÊ ) c (AÊ ) b (°) V (AÊ 3) Space group

hs050 25.0 (1) 0.62 5.5946 (3) 9.748 (5) 8.948 (6) 5.256 (3) 108.41 (5) 434.99 (23) P21/c
hs051 309.9 (7) 1.53 5.5878 (2) 9.732 (4) 8.940 (5) 5.255 (3) 108.37 (5) 433.91 (22) P21/c
hs052 352.9 (5) 1.75 5.5816 (2) 9.728 (5) 8.936 (6) 5.252 (3) 108.29 (5) 433.49 (23) P21/c
hs053 400.4 (3) 1.98 5.57531 (17) 9.722 (4) 8.935 (5) 5.250 (2) 108.30 (4) 432.98 (18) P21/c
hs054 453.5 (1.5) 2.20 5.57095 (16) 9.717 (4) 8.929 (5) 5.249 (3) 108.35 (5) 432.26 (20) P21/c
hs055 497.9 (1) 2.79 5.54198 (11) 9.701 (4) 8.919 (4) 5.240 (2) 108.29 (4) 430.48 (17) P21/c
hs056 420.5 (5) 3.69 5.48069 (14) 9.674 (4) 8.877 (5) 5.220 (3) 107.93 (5) 426.50 (21) P21/c
hs057 421.2 (7) 4.48 5.44299 (11) 9.647 (3) 8.858 (4) 5.205 (2) 107.77 (4) 423.56 (16) P21/c
hs058 421.5 (5) 5.68 5.39180 (14) 9.634 (5) 8.802 (6) 5.196 (3) 107.73 (6) 419.68 (23) P21/c

hs059 420.7 (2) 7.44 5.3266 (2) 9.437 (8) 8.794 (7) 5.043 (5) 103.52 (9) 406.92 (35) HP C2/c
hs060 415.8 (2) 8.77 5.2829 (2) 9.427 (6) 8.749 (6) 5.025 (3) 103.04 (6) 403.76 (30) HP C2/c
hs061 415.1 (1.0) 6.98 5.34206 (17) 9.445 (5) 8.810 (5) 5.038 (3) 103.39 (7) 407.82 (23) HP C2/c
hs062 414.8 (3) 5.90 5.38219 (17) 9.461 (6) 8.845 (6) 5.054 (4) 103.57 (7) 411.13 (28) HP C2/c

hs063 416.6 (6) 4.51 5.44109 (19) 9.659 (6) 8.850 (7) 5.198 (4) 107.63 (6) 423.47 (27) P21/c
hs064 422.0 (3) 3.08 5.51301 (13) 9.682 (3) 8.912 (4) 5.226 (2) 107.96 (4) 428.96 (16) P21/c
hs065 426.0 (4) 2.32 5.55859 (13) 9.708 (3) 8.926 (4) 5.246 (2) 108.32 (3) 431.54 (14) P21/c
hs066 427.1 (5) 1.87 5.58786 (11) 9.729 (3) 8.952 (3) 5.2512 (16) 108.23 (3) 434.39 (12) P21/c
hs067 442.5 (2) 1.85 5.59197 (12) 9.731 (3) 8.957 (3) 5.2509 (17) 108.19 (3) 434.80 (12) P21/c
hs068 459.6 (3) 1.85 5.59540 (12) 9.733 (3) 8.959 (3) 5.2521 (17) 108.21 (3) 435.04 (12) P21/c
hs069 476.1 (1) 1.84 5.59958 (12) 9.736 (3) 8.963 (3) 5.2532 (17) 108.21 (3) 435.46 (12) P21/c
hs070 502.5 (5) 1.83 5.60545 (12) 9.740 (3) 8.966 (3) 5.2554 (18) 108.24 (3) 435.89 (13) P21/c
hs071 522.4 (7) 1.82 5.61036 (11) 9.742 (3) 8.968 (3) 5.2580 (18) 108.29 (3) 436.16 (13) P21/c
hs072 537.2 (4) 1.81 5.61387 (12) 9.745 (3) 8.969 (3) 5.2599 (18) 108.33 (3) 436.40 (13) P21/c
hs073 558.4 (8) 1.88 5.61320 (11) 9.746 (3) 8.971 (3) 5.2602 (18) 108.32 (3) 436.60 (13) P21/c
hs074 556.0 (6) 2.04 5.60178 (13) 9.742 (3) 8.967 (3) 5.2568 (18) 108.23 (3) 436.17 (13) P21/c
hs075 540.7 (7) 2.03 5.59888 (13) 9.740 (3) 8.966 (3) 5.2560 (16) 108.25 (3) 435.91 (12) P21/c
hs076 519.1 (5) 2.00 5.59715 (12) 9.738 (2) 8.965 (3) 5.2554 (16) 108.25 (3) 435.72 (12) P21/c
hs077 500.7 (7) 1.95 5.59642 (12) 9.738 (2) 8.964 (3) 5.2554 (16) 108.25 (3) 435.68 (11) P21/c
hs078 554.9 (4) 2.04 5.60138 (11) 9.741 (2) 8.968 (3) 5.2566 (16) 108.25 (3) 436.10 (11) P21/c
hs079 574.8 (4) 2.06 5.60411 (11) 9.743 (2) 8.970 (3) 5.2579 (16) 108.26 (3) 436.37 (12) P21/c
hs080 608.5 (6) 2.00 5.61511 (14) 9.749 (3) 8.973 (4) 5.262 (2) 108.32 (4) 436.98 (16) P21/c
hs081 622.0 (4) 1.82 5.63173 (11) 9.757 (3) 8.977 (3) 5.2697 (17) 108.47 (3) 437.79 (13) P21/c
hs082 470.5 (5) 0.93 5.66854 (11) 9.767 (4) 8.992 (4) 5.275 (2) 108.60 (3) 439.08 (15) P21/c
hs083 571.4 (3) 0.86 5.7004 (2) 9.780 (6) 9.007 (6) 5.285 (3) 108.74 (5) 440.87 (24) HT C2/c
hs084 617.1 (1) 0.87 5.71190 (12) 9.796 (3) 9.009 (3) 5.2927 (17) 108.87 (3) 441.99 (13) HT C2/c
hs085 604.0 (1.0) 0.86 5.70960 (10) 9.791 (3) 9.010 (3) 5.2899 (16) 108.84 (3) 441.66 (12) HT C2/c
hs086 584.0 (6) 0.80 5.70946 (10) 9.792 (3) 9.012 (3) 5.2901 (16) 108.82 (3) 441.87 (12) HT C2/c
hs087 565.0 (7) 0.78 5.70700 (11) 9.790 (3) 9.012 (3) 5.2888 (16) 108.80 (3) 441.72 (12) HT C2/c
hs088 542 (3) 0.74 5.70372 (12) 9.787 (3) 9.011 (3) 5.2869 (18) 108.77 (3) 441.46 (14) HT C2/c
hs089 511.8 (2) 0.78 5.69192 (11) 9.784 (3) 9.003 (3) 5.2844 (15) 108.74 (3) 440.80 (12) P21/c
hs090 495.5 (6) 0.78 5.68808 (12) 9.781 (3) 9.002 (3) 5.2835 (16) 108.70 (3) 440.65 (13) P21/c
hs091 469.0 (5) 0.83 5.67654 (10) 9.778 (2) 8.997 (2) 5.2826 (12) 108.69 (2) 440.22 (9) P21/c
hs092 447.2 (6) 0.85 5.66964 (11) 9.776 (3) 8.996 (3) 5.2818 (14) 108.65 (2) 440.12 (10) P21/c
hs093 420.4 (7) 0.85 5.66291 (13) 9.773 (3) 8.992 (3) 5.2795 (16) 108.64 (3) 439.62 (12) P21/c
hs095 417.6 (1.3) 0.87 5.66105 (13) 9.775 (4) 8.991 (4) 5.281 (2) 108.66 (3) 439.73 (15) P21/c
hs096 414.5 (3) 1.31 5.62509 (17) 9.761 (4) 8.983 (4) 5.270 (2) 108.41 (4) 438.44 (17) P21/c
hs097 482.3 (1) 1.44 5.62996 (15) 9.764 (4) 8.983 (4) 5.272 (2) 108.50 (4) 438.51 (16) P21/c
hs098 516.3 (1) 1.49 5.63372 (15) 9.766 (4) 8.981 (4) 5.274 (2) 108.54 (3) 438.57 (15) P21/c
hs099 556.2 (2) 1.49 5.64291 (12) 9.770 (3) 8.982 (3) 5.2760 (17) 108.59 (3) 438.83 (13) P21/c
hs100 594.0 (1) 1.44 5.65565 (10) 9.771 (3) 8.986 (3) 5.2795 (16) 108.63 (3) 439.26 (12) P21/c
hs101 611.2 (1) 1.37 5.66529 (11) 9.770 (3) 8.991 (3) 5.2810 (17) 108.64 (3) 439.56 (13) P21/c
hs102 631.1 (4) 1.30 5.67625 (11) 9.775 (3) 8.997 (3) 5.2833 (16) 108.67 (3) 440.19 (12) HT C2/c ?
hs104 633.5 (2) 1.84 5.63223 (13) 9.763 (3) 8.979 (3) 5.2721 (19) 108.51 (3) 438.25 (14) P21/c
hs105 635.2 (2) 1.77 5.63824 (12) 9.764 (3) 8.980 (3) 5.2738 (18) 108.54 (3) 438.41 (14) P21/c
hs107 635.4 (2) 1.71 5.64345 (11) 9.767 (3) 8.981 (3) 5.2758 (17) 108.59 (3) 438.63 (13) P21/c
hs108 636.6 (5) 1.64 5.64917 (11) 9.768 (3) 8.984 (3) 5.2777 (17) 108.60 (3) 438.96 (13) P21/c
hs109 635.8 (4) 1.58 5.65371 (9) 9.769 (3) 8.986 (3) 5.2790 (14) 108.62 (2) 439.16 (11) P21/c
hs111 639.6 (4) 1.53 5.65859 (9) 9.768 (2) 8.991 (2) 5.2807 (13) 108.63 (2) 439.47 (10) P21/c
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was con®rmed by the products obtained from our pis-
ton-cylinder runs. Due to quenching after the synthesis,
exsolution between kanoite and diopside is inhibited.
Room-temperature cell parameters calculated from
powder X-ray di�raction are given in Table 4 and
plotted as a function of composition in Fig. 4 together

Fig. 1 P-T data points measured on kanoite powder in a heated
diamond-anvil cell (ESRF). The HT phase boundary is from our
separate optical study (400 °C at ambient pressure, Table 1; slope
149 °C/GPa, Fig. 6). The HP phase transition at ambient temperature
is from Arlt et al. (1998)

Fig. 2 Cell parameters of endmember kanoite MnMgSi2O6 between
350 °C and 700 °C. The P21/c-HT C2/c phase transition was
detected at approximately 425 °C. Errors are represented by the
size of the squares. DV is the volume change involved with the phase
transition

Fig. 3 Transition temperature of the P21/c to HT C2/c phase
transition in natural kanoite as a function of Na content (normalized
to 6 oxygen atoms p.f.u.). The size of symbols represents the
uncertainty of Na measurement (�3%)
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with literature data. The cell dimensions a and c show a
maximum at X(Ca) � 0.3 (Mn0.7Ca0.3MgSi2O6), while b
remains nearly constant (c is shown in Fig. 4 top). This
non-linearity is also re¯ected in the monoclinic angle b
and in the volume versus X(Ca) plot. The cell volume
increases strongly from 432 AÊ 3 in endmember kanoite to
437 AÊ 3 at X(Ca) = 0.3, whereas there is little volume
increase towards the diopside endmember (V = 439 AÊ 3;
Fig. 4 bottom). Kanoite-rich clinopyroxenes with
X(Ca) £ 0.3 show weak re¯ections with h+k = odd
indicative of space group symmetry P21/c. The appear-
ance of these re¯ections indicates that the Ca-poor
clinopyroxenes underwent a displacive and non-
quenchable phase transition from HT C2/c to P21/c
during cooling, whereas (Ca,Mn)MgSi2O6 clinopyrox-
enes with X(Ca) ³ 0.3 possess the space group C2/c at
room temperature. Extrapolation of the diopside data
(Fig. 4) yields the cell parameters of a ®ctive HT kanoite
endmember with (HT) C2/c space group at room tem-
perature. The convergence of the P21/c volumes to those
of the C2/c phase with increasing Ca content indicates
that the excess volume due to the C2/c to P21/c phase
transition decreases. This behaviour may arise in two
di�erent ways. If the transition is ®rst order in character
(as in natural kanoites, Arlt and Armbruster 1997) then
the data would indicate that the DV at the transition
decreases with increasing Ca content, becoming zero,
coincidentally, at X(Ca) = 0.30 (Ca0.3Mn0.7MgSi2O6) at

which composition the transition temperature is 295 K.
Such an interpretation would be consistent with our
failure to detect the transition by DSC in kanoites with
0.05 £ X(Ca) £ 0.15. Alternatively, if the transition is
continuous, then the decrease in the excess volume of the
P21/c phase with increasing X(Ca) would merely re¯ect
the decreasing transition temperature.

Figure 5 compares the transition temperatures of the
P21/c to HT C2/c transition of kanoite with literature
data (Table 5) on pigeonites, clinoenstatites and clino-
ferrosilites (Prewitt et al. 1971; Brown et al. 1972; Smyth
1974; Ohashi et al. 1975; Gordon et al. 1981; Sueno
et al. 1984; Shimobayashi and Kitamura 1991). The
temperature of the P21/c to HT C2/c phase transition
appears to be a linear function of the average cation size
on the M2 site. The data scatter at high temperature is
attributable to several other factors including the sensi-
tivity of the apparatus, hysteresis e�ects, cation disorder,
and homogenization of pigeonite-augite lamellae (Pre-
witt et al. 1971). In contrast to this, problems with cat-
ion redistribution and chemical homogenization in
kanoite may be ruled out at temperatures below 400 °C.
And crystal ®eld stabilization of Fe2+, which was shown
strongly to a�ect the high-pressure phase transition (Arlt
et al. 1998; Ross and Sowerby 1999) seems to have a
negligible in¯uence on the high-temperature transfor-
mation. Since the investigated phase transition is non-
quenchable, the trend depicted in Fig. 5 suggests that
clinopyroxenes with divalent cations and an average M2
cation size smaller than 0.88 AÊ occur in space group
P21/c while those with M2 larger than 0.88 AÊ at ambient
temperature are C2/c clinopyroxenes. This value is in
agreement with the maximum of a and c at
Ca0.3Mn0.7MgSi2O6 composition (Fig. 4) for which an
average (ideal) M2 cation size of 0.3 �
1.00 AÊ + 0.7 � 0.83 AÊ = 0.88 AÊ may be calculated. In
addition, Ohashi et al. (1975) studied the ferrosilite±

Fig. 4 Cell parameters of clinopyroxene phases along the join
MnMgSi2O6 (kanoite)±CaMgSi2O6 (diopside). Errors are represented
by the size of the squares. Kanoite cell parameters were taken from:
(G Ghose et al. 1975, H Huebner 1986) and diopside data are taken
from: (S Sasaki et al. 1980, B Bruno et al. 1982, A Ahn et al. 1986)

Fig. 5 Compiled data of reported transition temperatures in P21/c
clinopyroxenes as a function of the average cation size on the M2-
octahedral site. (Solid squares this study, open squares literature data;
Ka Kanoite data, Table 2, A Ca0.3Mn0.7MgSi2O6, Fig. 2, B Brown
et al. 1972, G Gordon et al. 1981, O Ohashi et al. 1975, P Prewitt
et al. 1971, Sh Shimobayashi and Kitamura 1991, Sm Smith 1974,
Su Sueno et al. (1984)
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hedenbergite join at room temperature and reported the
space group change from P21/c to C2/c at about
Fe1.6Ca0.4Si2O6 composition. Since the ideal M2 size of
that composition is 0.4 � 1.00 AÊ + 0.6 � 0.78 AÊ =
0.87 AÊ , their data are in good agreement with Fig. 5.
The data that deviate most from the trend shown in
Fig. 5 are those for pigeonite from Brown et al. (1972).
The authors did not directly determine the composition
of their sample, but inferred it from cell parameters.
Since their pigeonites contained exsolved augite lamel-
lae, we assume that the cell dimensions implied a Ca
content for pigeonite that is too high.

Pressure dependence

In Fig. 1 the observed phase boundaries between the low
kanoite (P21/c) and HP kanoite (HP C2/c) as well as the
phase boundary between low kanoite and HT kanoite
(HT C2/c) are shown. The high-temperature transition
was clearly observed at 400 °C at ambient pressure
(Table 2), but rather indistinct at approximately
0.76 GPa and 530 °C. The phase transition is indicated
by several weak non-linearities, e.g. the shift of the 2 2 �1
and 3 1 1 re¯ections and a sharp reduction in the in-
tensity of the 2 3 �3 re¯ection (data from hs084±hs093).
In addition, the cell parameters derived from the mea-
surements hs084 to hs093 were extrapolated to a value of
0.74 GPa (lowest pressure data point hs088) and plotted
as a function of temperature. The molar volume V, c,
and especially the b cell dimension all clearly show dis-
continuities between 512 °C and 542 °C (data points
hs088, 0.74 GPa and hs089, 0.78 GPa).

In order to con®rm the low kanoite to HT kanoite
(HT C2/c) transition at 400 °C at ambient pressure, a
part of a thick section of the natural UAE-sample with
four kanoite grains which shows the lowest transition

temperature, (Table 2) were loaded in a hydrothermal
(heated) DAC. At atmospheric pressure (without water),
the phase transitions in the four grains of slightly dif-
ferent compositions (A, B, C, D) were easily observed
optically at 158, 165, 177, and 190 °C, respectively. The
composition of grain B is given in Table 2 (Bani Hamid,
6005±88). The composition of the other grains (A, C,
and D) was not determined but their transition tem-
peratures indicate that those crystals exhibited slightly
di�erent Na concentrations (aegirine component). No
hysteresis of the phase transition was observed within
the uncertainties of detecting the transition temperature
(�1 °C). After ®lling the hydrothermal DAC with water
as pressure medium, three additional pressure points
could be measured in all grains up to 0.4 GPa (Table 6,
Fig. 6), but the change of birefringence became weaker

Table 5 Summary of composition, average cation size and transi-
tion temperature of (Mg,Fe,Ca)-clinopyroxenes compiled from
literature. [En clinoenstatite, Fs clinoferrosilite, Pg pigeonite

(Morimoto et al. 1988), Ttrans temperature of P21/c to HT C2/c
phase transition]. Ionic radii from Shannon (1976)

Table 6 Natural kanoite grains in a hydrothermal DAC. Homo-
genisation temperature and density of the ¯uid. Temperature and
pressure of P21/c-HT C2/c transition

TH dH2O (g/ml) Graina Ttrans P (GPa)

In air ± A 158 0.0
B 165 0.0
C 177 0.0
D 190 0.0

120.1 0.943 A 172 0.090
B 183 0.110
C 197 0.136
D 215 0.170

53.4 0.986 A 195 0.244
B 201 0.256
C 222 0.299
D 237 0.330

30.5 0.9955 A 203 0.289
B 210 0.303
C 230 0.345
D 245 0.377

aAll grains from sample 6005, Bani Hamid, UAE

Clinopyroxene Ttrans Composition (S = 2) Cation size

(°C) Ca Fe2+ Mg M2(AÊ ) M2(AÊ ) Reference

En 1180 2.00 0.720 0.720 Shimobayashi
En 1170 0.02 0.16 1.82 0.720 0.735 Shimobayashi
Pg 1000 0.06 0.78 1.16 0.720 0.784 Shimobayashi
Pg 1030 0.08 0.60 1.32 0.720 0.778 Prewitt
Pg 1000 0.10 0.60 1.30 0.720 0.784 Prewitt
Fs 1000 2.00 0.780 0.780 Sueno
En 1000 0.14 1.86 0.720 0.766 Prewitt
Pg 950 0.14 0.60 1.26 0.720 0.795 Prewitt
Pg 930 0.18 1.04 0.78 0.733 0.820 Brown, ideal
Pg 930 0.18 1.04 0.78 0.743 0.810 Brown (960 °C)
Pg 775 0.14 1.16 0.70 0.738 0.811 Prewitt
Fs 725 0.03 1.34 0.62 0.743 0.787 Smyth, ideal
Fs 725 0.03 1.34 0.62 0.749 0.781 Smyth (700 °C)
Pg 670 0.08 1.62 0.30 0.762 0.798 Prewitt
Pg 560 0.20 1.34 0.46 0.752 0.824 Prewitt
Pg 500 0.12 1.46 0.42 0.755 0.806 Prewitt
Pg 200 0.40 1.60 0.780 0.868 Prewitt
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with increasing P/T. Above 0.4 GPa it was not possible
to observe the phase transition with optical methods.
This indicates that the volume change DVtrans decreases
with pressure and the transition becomes continuous
which explains the small changes in the powder dif-
fraction pattern at 0.76 GPa. The suggestion that DV
goes to zero with increasing pressure is analogous to
the apparent decrease in DV with increasing Ca-substi-
tution along the diopside±kanoite join (see Fig. 4).
The four data points measured on each grain up to
0.4 GPa (Fig. 6), and the weak changes at 0.76 �
0.02 GPa (approx. 530 °C) suggest a slope of about
149 °C/GPa for the P21/c to HT C2/c phase transition
and the volume change during the phase transition
equals zero above 1 GPa.

Petrologic implications Ð the Alpe Arami
``clinoenstatite''

Recently relicts of high-pressure clinoenstatite were
claimed to have been observed in the Alpe Arami
peridotite and the conclusion was drawn that these rocks
were exhumed from a minimum depth of 250 kilometers
(Bozhilov et al. 1999). This interpretation is based on the
®ndings of antiphase boundaries (APBs) which are in-
dicative of the retrograde transformation of either HP
C2/c or HTC2/c clinoenstatite to low clinoenstatite (P21/
c). Two arguments led the authors to conclude the high-
pressure origin: the orientation of the exsolved clinopy-
roxene-lamellae and the geological information. Veri®-
cation of the orientation argument must await further
experimental data as already noted by the authors. Their
argument against a HT origin was based upon the fact
that pure HT clinoenstatite (MgSiO3) only has a small
stability ®eld at high T just below the liquidus.

However, Bozhilov et al. (1999) did not consider the
strong in¯uence of other cations such as Fe2+ and Ca2+

etc, on the stability ®elds of the C2/c forms which is

apparent from this study on various clinopyroxenes. The
composition of the exsolved clinoenstatite lamellae in
Alpe Arami clinopyroxene is Mg1.57Fe0.25Na0.03Al0.02
Ca0.14)Si2O6 and therefore it is correctly called pigeonite
(Morimoto et al. 1988). In Alpe Arami pigeonite, the
e�ective cation size on the M2 site is 0.783 AÊ corre-
sponding to a transition temperature of about
850 � 120 °C (1 bar, Fig. 5) which is about 700 °C
lower than the temperature (>1800 °K) assumed by
Bozhilov et al. (1999) on the basis of the MgSiO3 phase
diagram. Assuming that an average slope of 149 °C/GPa
for the P21/c-HT C2/c phase transition is similar in
(Mg,Fe,Ca) clinopyroxenes, the phase boundary for the
Alpe Arami composition can be estimated (Fig. 7). Note
that this boundary is metastable with respect to ortho-
pyroxene (Pbca), but the Pbca-HT C2/c boundary will
lie at only slightly higher temperatures. The HT C2/c
stability ®eld clearly extends to much lower tempera-
tures than assumed by Bozhilov et al. (1999) and could
have been accessed without the massif approaching the
liquidus. Their argument that the massif would have
melted to a large degree or, at minimum, would have left
a dominant igneous signature is therefore disproved.
Thus inversion of HT C2/c pyroxene at low P remains a
possible source of the APBs.

Some confusion exists about the in¯uence of Ca2+ on
the Pbca-HP C2/c phase boundary. Woodland and
O'Neill (1995) substituted ferrosilite with Ca2+ and
found a shift of the phase boundary to higher pressure.
The data of Arlt et al. (1998) show that substitution of
Mg in enstatite by larger cations reduces the transition
pressure of the P21/c-HP C2/c transformation. The

Fig. 6 The P21/c-HT C2/c phase transition of natural kanoite as a
function of P and T, measured in a hydrothermal DAC. The
transition was detected by a spontaneous change of retardation on a
polarising microscope. Symbols represent di�erent grains (A, B, C, D)
of the same sample with slightly di�erent composition

Fig. 7 Exhumation path of the Alpe Arami peridotite modi®ed after
Bozhilov et al. (1999). Open and solid circles and the boxes connected
by solid arrows represent maximum metamorphic conditions and the
exhumation curve determined by previous workers. The phase
boundary for (Mg0.9,Fe0.1)SiO3 (dotted) is interpolated from Wood-
land and Angel (1997). Compared with (Mg0.9,Fe0.1)SiO3, the Pbca-
HP C2/c boundary is shifted about 1 GPa towards lower pressure
(solid line) and the P21/c-HT C2/c phase boundary estimated for Alpe
Arami pigeonite composition is shifted about 700 °C towards lower
temperatures (dashed line). The dashed arrow below 5 GPa is an
exhumation path proposed by Bozhilov et al. (1999)
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reduction is about three times larger when crystal ®eld
stabilized cations like Fe2+ are incorporated. Therefore,
substitution of Mg2+ by Fe2+ or Ca2+ strongly in-
creases the stability ®eld of the HP C2/c form due to the
larger cation size, whereas substitution of Fe2+ by Ca2+

decreases it because the total amount of crystal ®eld
stabilized ions is reduced. For the given composition of
Alpe Arami pigeonite, the P21/c-HP C2/c transition is
estimated to be shifted approximately 2 GPa to lower
pressure relative to MgSiO3. According to Woodland
and Angel (1997) this shifts the Pbca-HP C2/c boundary
a minimum of 1 GPa to lower pressures (Fig. 2). As-
suming that the Alpe Arami pigeonite indeed formed in
the HP C2/c ®eld, a depth of 220 km or higher could
have been su�cient. However, if cations remained mo-
bile after the conditions of exsolution then the exsolu-
tion may have started at higher Ca contents than that
measured in the pigeonite today and thus considerably
lower pressures might be assumed.

Figure 7 shows that we are not able to conclude
whether Alpe Arami pigeonite was formed in the high-
temperature or in the high-pressure C2/c stability ®eld.
In both cases the C2/c form has to be metastable with
respect to transformation to orthopyroxene. Assuming
metastability anyway, the possibility of a metastable
formation of the C2/c phase within the orthopyroxene
stability ®eld must also be considered and appears to be
the easiest explanation. However, we have shown that
composition has a major e�ect on the stability ®elds of
both C2/c phases and as long as there are not su�cient
data on pigeonite compositions, it remains highly spec-
ulative to suggest a very high pressure origin of Alpe
Arami peridotite.

Conclusions

Figure 1 clearly shows that HT-kanoite and HP-kanoite
have separate stability ®elds which gives further evidence
that both phases are indeed distinct, although they ex-
hibit the same space group. This has been suggested
earlier from structural considerations (Hugh-Jones et al.
1994; Arlt et al. 1998). In (Mg,Fe)-pyroxenes the P21/c
phase may gain stabilization by cell doubling at higher
temperatures which leads to orthopyroxene (e.g. Wood-
land and Angel 1997), but the principal relationship bet-
ween the HT C2/c and the HP C2/c clinopyroxenes is
comparable. The stability ®elds of both C2/c pyroxenes
are separated by pyroxenes with primitive lattices
(monoclinic P21/c and orthorhombic) in which one of the
silicate chains is stretched and the other chain is kinked.
Since both chains are stretched in HT C2/c and both
chains are kinked in HP C2/c, the P21/c clinopyroxenes
and orthopyroxenes may be regarded as intermediate
structures between high-temperature and high-pressure
C2/c forms. The new data on the phase topology of
pyroxenes con®rm these structural considerations.

The high-temperature and the high-pressure poly-
morphs of kanoite were shown to be isotypic with

other (Ca,Na)-poor clinopyroxenes such as the
(Mg,Fe)SiO3 series and therefore the conclusions we
draw from this study are valid for all clinopyroxenes
with small (<0.88 AÊ ) cation sizes. The temperature of
the P21/c to HT C2/c phase transition is a linear
function of the e�ective M2 cation size. The slope of
this phase transition in the P-T space is approximately
149 °C/GPa and the character of the phase transition
changes from ®rst order to a more continuous transi-
tion (DV goes to zero) as M2 cation size or pressure is
increased. The high-temperature and the high-pressure
C2/c polymorphs are distinct phases separated by the
stability ®eld of pyroxenes with primitive lattices
(monoclinic P21/c and orthorhombic). Since both the
transition pressure to the HP C2/c phase and the
transition temperature to the HT C2/c phase decrease
with increasing M2 size, the stability ®eld of ``primi-
tive'' pyroxenes becomes narrower. As a consequence
the stability ®elds of HT C2/c and HP C2/c phases will
meet in the P-T-X space to form one continuous sta-
bility ®eld, as is found in the Ca-rich pyroxenes (augite,
diopside±hedenbergite).
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