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Thermal expansion of MgSiO. and FeSiO, ortho- and clinopyroxenes
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AssrnA.cr

Unit-cell parameters of synthetic (Mg,Fe)SiO. ortho- and clinopyroxenes were deter-
mined at regular intervals in the temperature range 293-1094 K using powder X-ray
diffraction techniques. Volume thermal expansion coefficients calculated from these data
show that orthopyroxenes expand faster than clinopyroxenes (i.e., o.o* ) o.o*), irrespective
of their composition along the MgSiO.-FeSiO. join. For both ortho- and clinopyroxenes,
crrr.,.. exceeds crns,o.. Axial thermal expansion coefficients calculated for each of the py-
roxene phases studied here are a complex function of the changes in structure at high
temperature. Thermodynamic calculations of the position of the phase boundary between
MgSiO. ortho- and clinopyroxene show excellent agreement with the experimentally re-
versed boundarv.
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(e.g., Gasparik lgg0). The phase diagram of MgSio. py- the values of thermal expansion coefficients of the cor-

roxene has been characterized by Facalo unOturp*it responding (Mg,Fe)SiO. clinopyroxene phases' Such in-

(1gg0) and Angel and Hugh-Jones (lgg4), and that of c.onsistencies have serious implications for calculation of

FeSiO. pyro*"ni by Hugh-Jones et al. (1994). The to- the.pyroxene phase diagram at high temperatures and

potogles of these two phase diagrams are almost identical modest pressures; this problem is discussed in more detail

ittt" i.ipte point in tht FeSiO. slstem is simply shifted to b"l:.*. 
. .

somewhat 1o*". p."rrores tha; that for NAgSiO. (Angel The object of this study was to determine which of the

et al. lgg4)1, withclinopyroxene (with space group'n,"lct two pyroxene polymorphs (ortho or clino) expands more

being stable at ambienf temperatures and pressuies, and over a given temperature range and then to provide pre-

the stability field of orthopyroxene (space group pbca) cise valt'es of their respective thermal expansion coeffi-

being at higher temperatures than this. Metast;le Ca- ctents. Santhetic samples of both the end-member phases

pooi orthopyroxene is also commonly found at ambient of the (Mg,Fe)SiO. solid solution were used to obtain

ionditlonsl6.g., see Smith 1969). further information about the relative effects of Mg and

Although the behavior of (Mg,Fe)Sio. ortho- and cli- Fe2* in the cation sites of pyroxene.

nopyroxenes at high pressures was recently characterized
in some detail (Hugh-Jones and Angel lgg4; Hugh-Jones ExpEnrlrnNrAl METHODS

et al. 1994), relatively little is known about their response A large sample of MgSiO. orthoenstatite was synthe-
to high temperatures. There have been a few measure- sized from a stoichiometric mixture of MgO and SiO,
ments of the thermal expansivity of such Ca-poor ortho- contained within a gold capsule using a piston-cylinder
and clinopyroxenes, but the relative thermal expansion of apparatus. The experiment conditions were 2.0 GPa and
the two phases is essentially unknown. For example, 950 "C for 24 h. MgSiO. clinoenstatite was produced by
whereas Skinner (1966) suggested that, at room temper- heating a portion of this MgSiO. orthoenstatite sample in
ature, the volume thermal expansion coefficient, ct,, of a gas-mixing furnace at 1200 'C for 18 h and then rapidly
MgSiO. orthoenstatite slightly exceeds that of clinoensta- quenching it to room temperature. This temperature is
tite, Sarver and Hummel (1962) reported thermal expan- within the protoenstatite stability field (Gasparik 1990),
sion coefficients for the same materials with the relative so that the clinoenstatite phase was formed directly from
expansivities reversed. More recent studies have not com- protoenstatite during the quench. A sample of fayalite
pared the relative expansivities of the two polymorphs, (FerSiO"), used as a starting material in the synthesis of
but report, for example, values for the volume thermal FeSiO. orthoferrosilite, was made by annealing a stoichi-
expansion coefficient of MgSiO. orthoenstatite at room ometric mixture of FerO. and SiO, in a gas-mixing fur-
temperature in the range 20.8 x l0 6 K ' (Dietrich and nace at ll00'C for 24h at a controlled oxygen fugacity
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just above the iron-wi.istite buffer. Subsequent synthesis
of the orthoferrosilite was achieved by treating a stoichi-
ometric mixture of this fayalite plus SiO, to conditions
of 950 "C and 2.0 GPa for 24 h in the piston-cylinder
apparatus; the sample was contained in a gold capsule.
After each of these syntheses, a small portion the product
was examined using a powder diffractometer to ensure
complete reaction of the starting materials and the ab-
sence of any impurities. Although the FeSiO. orthofer-
rosilite was pure within the resolution of the instrument,
a small amount of quafiz remained in the MgSiO. or-
thoenstatite sample (with corresponding traces of coesite
in the clinoenstatite sample); this quartz proved to be an
invaluable indicator of the quality of the high-temperature
data obtained. The FeSiO. clinoferrosilite sample, kindly
donated by Alan Woodland, was synthesized from a mix-
ture of fayalite and quartz at 9 GPa and 1100 "C using
the multi-anvil press at the Bayerisches Geoinstitut.

For each experiment, mixtures of equal amounts of or-
tho- and clinopyroxene of a given composition were used,
because it was suspected that the difference in thermal
expansion coefficients of the two phases could be merely
of the order of the experimental uncertainties. Thus, in
each case, approximately equal amounts of the orthopy-
roxene and clinopyroxene phases of a given composition
were ground together to a powder and mixed with Si as
an internal standard. This mixture was spread over the
platinum heating strip in the heating powder diffractom-
eter (known as the INEL; details of the diffractometer and
PSD detector may be found in Salje et al. 1993); in the
case of the FeSiO. samples, the sample chamber was then
evacuated. The temperature was monitored by means of
a thermocouple welded onto the platinum heating strip.
The temperature controller was calibrated using a sample
of pure quartz as a standard. High-temperature data were
collected at approximately 50 K intervals between 293
and 1094 K. The diffraction signals were measured in the
range 13' - 20 = 115', with the 20 scale being calibrated
at each temperature from the positions of the diffraction
maxima of the internal Si standard. Care was taken to
avoid transformation of the (Mg,Fe)SiO. samples to the
high-clinopyroxene polymorph (with space group C2lc):
In each experiment, the temperature was maintained be-
low the temperature of the metastable low-high clinopy-
roxene transition [-900 K for FeSiO. (Prewitt et al. 1971)
and -1210 K for MgSiO. (Perotta and Stephenson 19651.
The temperature for conversion of orthoferrosilite to the
high-clinoferrosilite phase is considerably higher than
900 K (Sueno et al. 1976). Although some of the peaks
of the possible C2lc phases would be closely overlapped
with those of the P2,lc phases held at the same temper-
ature, there are sufficient strong peaks from the C2/c
phases that their presence would be readily identifiable;
no evidence existed of any diffraction peaks arising from
C2/c phases in any of the X-ray diffraction patterns.

The diffraction maxima were fitted with Gaussian
peaks using the DIFFRACTINEL software, which was
designed for use with the INEL diffractometer. The pro-

Tae|-e 1. Unit-cell parameters for MgSiO. orthopyroxene
constrained to orthorhombic symmetry

r (K)  a (A)  b (A) c (A) volume jA")

18 230(s)
18 226(5)
18 227(6\
18 227(6)
18.276(5)
1 8 271 (9)
1 8 287(6)
1 8 282(9)
1 8 276(8)
18.290(9)
1 8 3 1 3 ( 1 1 )
18 306(7)
18 321 (8)
1 8 31 2(5)
1 8 31 6(7)
18.354(6)
18 357(5)
18 358(5)
1 I 31 6(5)
18 309(7)
18 294(6)
1 8 285(7)
1 8 280(5)
18 272(6)
18 249(4)
1 8 253(5)

" Collected on temperature decrease, the remaining on initial heating

gram could not resolve multiplets with a spacing of less
than about 0.1'in 20. Such unresolved overlapping peaks
(i.e., the resulting "broad peaks") were excluded from
lattice parameter refinement. The number of such broad
peaks in each diffraction pattern changed slightly with
changing temperature, with the most significant number
of closely overlapping peaks occurring for the MgSiO.
experiment at temperatures in the approximate range
600-800 K.

The positions of the maxima of the fitted Gaussian
peaks at each temperature were then assigned to either
the ortho- or clinopyroxene polymorph, or, in addition, to
quartz in the case of the MgSiO. experiment. (It was not
possible to identify sufficient peaks from the coesite im-
purity to determine its unit-cell parameters because most
of its diffraction maxima were of very low intensity.)
Lattice parameters for each phase were refined from 25-
50 peaks using a least-squares refinement technique that
also constrained the symmetry of the phase. The lattice
parameters of both ortho and clino phases of both MgSiO.
and FeSiO. pyroxenes are presented in Tables l-4. In
both experiments, diffraction data were collected during
both heating and cooling of the sample. No signiflcant or
systematic differences exist between the two sets of data.
Possible mis-assignments of a few peaks to the wrong
phase may be the cause of the data scatter.

Unfortunately, the quality of the data was not adequate
to resolve whether there was any non-linearity in the be-
havior of some of the unit-cell parameters of the
(Mg,Fe)SiO. pyroxenes at high temperaturest all the ther-
mal expansion coefficients quoted below are therefore lin-
ear values, calculated according to the equation X, I Xu

293
322
370
419
467
5 1 5
JOJ

612
660
708
756
805
853
901
997
1 046
1 094
1 046-
949-
853-
756-
660-
563-
467-
370-
293',

8.81s(3)
8.830(2)
8.82s(3)
8.830(3)
8.835(3)
8.840(5)
8.825(3)
8.842\4)
8.853(3)
8.861(4)
8.868(4)
8.868(3)
8.884(3)
8.886(3)
8.e02(3)
8.s05(3)
8.91s(2)
8.908(3)
8.8s2(21
8.883(3)
8.875(3)
8.860(4)
8 853(3)
I 842(3)
8 832(2)
I 822(2)

5174(2) 831 85(25)
5 185(2) 83435(30)
5 184(2) 834.26(29\
5 1s5(2) 83604(37)
s.189(2) 837 80(27\
5185(2) 837.37(47\
5.1e4(21 838 26(35)
5 1e6(3) 840.02(4e)
5 1s4(3) 84039(45)
5.200(3) 84273(461
5 197(3) 843 e2(54)
s2o5(21 84502(371
5207(2) 847 58(40)
5214(2\ 84842(34\
5217(2) 850.63(40)
5.225(2) 854 00(34)
5 226(2) 855.17(27)
5226(2) 854 65(30)
5220(2) 850.1e(31)
5 215(21 848 20(3e)
5.210(21 845 84(36)
5 200(1) 842 41(34)
5 1s6(1) 84084(26)
5 188(2) 838 24(31)
5 187(2\ 836.05(26)
s 183(2) 83458(24].
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Frcunn 1, Comparison of the unifcell volume of the quartz
impurity in the MgSiO. experiment (squares) with the high-tem-
perature X-ray (plus sign) and neutron (crosses) data of Graeme-
Barber (in preparation) Filled squares represent data collected
on increasing temperature, open squares represent those collected
on cooling.

: 1 * ctx T where Xr represents either the unit-cell pa-
rameter b or c, the distance between (100) planes (de-
noted a for the orthopyroxenes and d,oo for the clinopy-
roxene) or the volume of the phase at temperature 7 (in
Kelvins), and X" represents the corresponding value at
293 K.

Resur,rs

Quartz
Figure I shows the good coffespondence among the

values of the unit-cell volume of the quartz impurity (de-
termined during the experiments on the sample mixture
of MgSiO. ortho- and clinopyroxenes) and those obtained
by Graeme-Barber (personal communication) during re-
cent high-temperature X-ray and neutron experiments.
The transition from low-quartz (crystal class 32) to high-
quartz (crystal class 622) at 846 K is clearly observed in
both sets of data. Similarly, the values of the unit-cell
parameters a and c obtained from this study are within
one combined estimated standard deviation (esd) of those
of Graeme-Barber, each showing the characteristic
change in behavior at 846 K. This agreement between the
two data sets indicates that the calibration of both the 20
scale of the PSD detector and the temperature of the sam-
ple are correct within 0.03" and I K, respectively, at tem-
peratures below 1094 K, and therefore that the unit-cell
parameters of both qtmz and pyroxene phases are ac-
curate within an estimated standard deviation of less than
O. l7o .

MgSiO.

The unit-cell parameters of the ortho and clino phases
of the MgSiOr pyroxene determined up to 1094 K are
given in Tables I and 2. A combined plot of VlVo for
these two phases (Fig. 2) reveals that although the re-

TaeLe 2. Unit-cell parameters for MgSiO" clinopyroxene
constrained to monoclinic symmetry

I (K) a  / A \ b (A) c (A) t s f ) Volume (A3)

k  1 1 6

o
F
-  1 1 5

1 1 4

293
322
370
4 1 9
467
5'15
coJ

612
660
708
/ c o

805
853
901
997
1 046
1 094
1 046.
949.
853.
756-
660.
coJ

467.
370.
293"

e.604(5) 8 810(4)
e.607(5) 8 815(5)
e 605(5) 8 819(3)
9.608(5) 8.82s(5)
e 62s(5) 8 831(5)
e.626(4) 8 838(4)
e 633(5) 8.848(4)
9 629(e) 8.8s1(6)
e 636(e) 8 e56(6)
9 638(11) 8 866(6)
e.648(10) I 874(5)
9 636(8) 8 878(5)
e 666(9) I 876(7)
e.651(5) 8 910(4)
9 664(4) 8 e13(4)
e 666(5) I 920(5)
s.672(5) 8 e28(s)
e 670(6) 8.e20(4)
e 660(6) 8 e01(6)
9 652(5) 8.883(5)
e 650(5) I 871(4)
s 644(4) 8 8s4(3)
9 630(4) 8.851(4)
e 631(4) I 835(4)
s 622(4) 8 825(3)
I 617(5) 8 798(4)

108 35(4) 414.79(47\
108 37(4) 415.53(57)
108 30(4) 416.3e(46)
108 34(5) 417.61(47\
108 42(4\ 417.90(52)
108 40(4) 417.92(51\
108 42(4\ 419.17(45\
108 50(7) 420.12(67)
108.64(8) 421 3s(6e)
108.52(8) 421.48(77\
108.58(13) 421.e8(81)
108.24(6) 421.31(61)
108.46(6) 42254(61)
108.38(4) 423 11(46)
108.4s(3) 424.14(34)
108.38(4) 425 13(46)
108.50(4) 425.78(47)
108.34(4) 42469(54)
108.43(5) 423.54(54)
108.47(3) 421 e0(3e)
108.43(4) 421 12(47)
108.42(3) 420 04(36)
108.40(4) 419 43(44)
108.39(4) 41842(44)
108.33(3) 417 26(40)
108.35(4) 415 19(45)

s 1 75(3)
s 1 70(4)
5 1 78(3)
s 1 86(3)
5.1 80(3)
5 177(4)
5 1 84(3)
5 1 99(4)
5 211(4)
5.212(61
5 200(4)
5 1 85(3)
5 192(41
5 1 85(4)
5  191 (2 )
s 1 e6(3)
5 200(3)
5.187(41
5 1 92(4)
5 1 88(2)
5.1 86(3)
5 1 85(2)
5 186(3)
5.1 82(3)
5 177(3)
5 1 70(3)

- Collected on temperature decrease, the remaining on initial heating

sponse to temperature of the polymorphs is identical
within two combined estimated standard deviations, with
linear volume thermal expansion coefficients of the ortho-
and clinopyroxenes being 32.2(1.1) x 10 6 K ' and
29.9(l.l) x 10 6 K-' respectively, the orthopyroxene
phase does in fact expand noticeably more than the cli-
nopyroxene. Note that the amount of overlap of the onho-
and clinopyroxene peaks increased significantly in the
temperature range -600-800 K, causing the somewhat
increased amount of scatter in the unit-cell data at these
temperatures (e.g., Fig. 2).

o 1 0 1 5

>  1 0 r 0

1 005

400 600 800 1000

Temperature (K)

Frcunn 2. Comparison of the unit-cell volumes (shown as
V/V) of MgSiO. orthoenstatite (squares) and MgSiO. clinoen-
statite (tdangles) up to 1094 K. Filled symbols represent data
collected on increasing temperatue; open symbols represent
those collected on cooling.
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Teele 3. Unit-cell parameters for FeSiO. odhopyroxene
constrained to orthorhombic symmetry

Tee|-e 4. Unit-cell parameters for FeSiO. clinopyroxene
constrained to monoclinic symmetry

r (K) a (A) b (A) c (A) Votume (A") r (K) a (A) b (A) c (A) B (1 Volume (A31

293
322
370
4 1 9
467
5 1 5
coJ

612
660
708
756
805
853
901
853'
756'
660-
coJ

467'
370'
293',

e 07s(5)
e.074(5)
I 084(4)
s 0s0(4)
e 086(5)
s 1 02(4)
s  101(5)
I 117(41
e 0s8(4)
s 1 18(5)
I 140(6)
I 120(4)
e.1 12(5)
e 1 08(6)
s 1 0s(5)
e  1 1 1 ( 6 )
I 097(6)
e 127(7)
e 0e9(5)
I 100(s)
e 084(s)

5 236(3)
5 246(5)
5 251(2)
5 251(2)
5 253(2)
5 239(2)
5 263(3)
5 252(21
5.261(2\
s 25e(2)
5 253(2)
5.264(21
5 275(3)
5 274(4)
5 270(3)
5 262(3)
5.261(3)
5 246(2)
5 240(41
s 236(3)
5 239(4)

1 8.392(1 0)
1 8.393(s)
1 8 403(7)
1 I  428(1 1)
18.427(8)
1 8.446(6)
18.444(11)
1 8 466(9)
1 8.490(1 0)
1 I 44e(s)
1 8.465(1 1 )
18  471 (9 )
1 8.495(1 6)
1  8 .516 (1  1 )
1 8.480(1 7)
18.488(1 0)
18 464(18)
1 8.439(1 6)
18 455(10)
18 376(10)
1 8.365(20)

874.34(53)
875.44(53)
877.87(48)
879.64(55)
879.46(51 )
879.57(46)
883.44(59)
884.20(52)
884.96(50)
884.60(54)
886.53(ss)
886.70(50)
889.04(76)
889.36(70)
887.1 s(78)
886.37(60)
883 65(79)
882.83(79)
879 77(73)
875 50(68)
874 05(93)

293 9721(6)
322 I 705(s)
37O I 714(5)
419  I  710 (6 )
467 I 709(5)
515  97 ' t 7 (6 )
s63 I  713(5)
612 I  710(6)
660 9728(7)
708 9728(5)
756 I 740(8)
805 I 738(8)
853 9.706(7)
901 I 728(8)
853. I 734(10)
756. 9732(7)
660" 9.743(1 1)
563. 9.723(9)
467. 9.732(10)
37O" 9.715(10)
293- 9.70s(15)

9 076(4) 5227(5)
e 082(7) 5 234(3)
e 078(s) 5234(4)
9 103(5) 5246(2)
9111 (6 )  5 .243 (3 )
e 086(5) 5 250(3)
9 115(4) 5 2s6(2)
e.105(4) 5257(3)
9 095(5) 5 254(3)
e.108(3) 5 248(3)
e 1 18(6) s.253(4)
9  114 (5 )  5  261 (5 )
e 131(6) 5262(4)
e 124(6) s.261(5)
e 128(5) 5 257(5)
s .11e (5 )  5250 (3 )
s 106(6) 5.252(4)
e  119 (6 )  5241 (6 )
e.106(s)  5 23s(7)
s.080(6) 5.227(5)
9.102(8) 5226(10)

108.s3(5) 437 26(63)
108 49(3) 437.47(43)
108 44(4) 437.89(47)
108 58(4) 43s.51(45)
108 39(3) 44007(48)
108.48(4) 43e.61 (51 )
108.58(3) 440.54(36)
108.63(4) 440.42(53)
108 s1(4) 440.82(5e)
108 56(3) 440.80(42)
108.62(6) 442.07(69)
108.74(6) 442.20(76)
108.63(6) 441.87(56)
108.16(6) 443.63(70)
108.66(5) 44256(82)
10e.59(5) 441 60(62)
108.s3(4) 441 81(781
108.66(6) 44O20(88\
108 63(7) 439 57(93)
108 46(7) 437 36(99)
108 32(1 1)  438 17(1 58)

. Collected on temperature decrease, the remaining on initial heating 'Collected on temperature decrease, the remaining on initial heating

The linear thermal expansion coefficients for the direc-
tion perpendicular (100) are identical to within one com-
bined estimated standard deviation, with values of
8.0(0.5) x l0 6 K-r for the orthopyroxene polymorph and
7.6(0.6) x 10 6 K-r for the clinopyroxene (Table 5).
However, it is interesting that the relative thermal expan-
sivities of the b and c axes of the two polymorphs are
very different. Whereas the b axis of the orthopyroxene
structure expands somewhat slower than that of the cli-
nopyroxene, the c axis of the orthopyroxene expands at
almost double the rate of the clinopyroxene (Table 5). The
relative magnitudes of linear thermal expansion coeffi-
cients are in the order ct, ) cr. > ct, for the orthopyroxene
and cru > cr,* ) o. for the clinopyroxene phase.

Finally, although there is some scatter in the data, there
is evidence (Table 2) that the B angle of rhe MgSiO. cli-
nopyroxene increases slowly with increasing temperature.
This effect, however, is small, with the change in B over
the -800 K temperature range being approximately 0.15".

FeSiO.

The unit-cell data for the ortho and clino polymorphs
of FeSiO. pyroxene determined up to 901 K are given in
Tables 3 and 4, respectively. A combined plot of VlVnfor
ortho- and clinoferrosilite (Fig. 3) demonstrates that, un-
like the MgSiO. pyroxenes, the orthorhombic polymorph
of FeSiO. expands considerably more than the monoclinic
one over this temperature range; their respective volume
thermal expansion coefficients at 293 K are 27.5(1.3) x
l0 6 and 20.3(1.5) x 10-6 K-'.

Comparison of the magnitudes of their linear axial
thermal expansion coefflcients shows that at 293 K for
orthoferrosilite they are in the order ct, : a. ) ct, and in
the order ct. ) ctu ) or,oo for clinoferrosilite. These are
summarized in Table 5. Whereas both the b and c axes

of the two FeSiO. polymorphs expand at identical rates
within the experimental uncertainties, expansion in the
direction perpendicular to the (100) planes occurs almost
four times more in the orthopyroxene phase (Tables 3, 4,
and 5).

The B angle of clinoferrosilite increases by approxi-
mately 0.15' over the 600 K temperature range studied
(Table 4), giving a rate of expansion some -30Vo greater
than that of MgSiO. clinoenstatite.

DrscussroN

Volume thermal expansion

The most recent analysis of the high-temperature be-
havior of synthetic (Mg,Fe)SiO. orthopyroxenes of vari-

o  | 0 1 0

r 005

300 400 500 600 700 800 900

Temperature (K)

Frcune 3. Comparison of the unit-cell volumes (shown as
V/V,,) of FeSiO. orthofenosilite (squares) and FeSiO. clinofer-
rosilite (triangles) up to 901 K. Filled symbols represent data
collected on increasing temperature, open symbols represent
those collected on cooling. Note the differing expansivities of
the two polymorphs.
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4oo
b
c
Volume

d,oo

Volume

I0 (0  5 )
13 0(0.6)
10 e(0 6)
32  2 (1 .1 )

10.4(1 .0)
6.8(1 5)

10  1 (1  4 )
27 5(1 3)

MgSiO"
0.949
o 974
0.961
0 987

FeSiOr

0  9 1 6
o 727
0 858
0 979

7.6(0.6)
16.6(0 5)
5 2(o 7)

2e.s(1 1)

27(0  9)
7.5(1.3)

10.2(1 2)
20.3(1 5)

0 939
0 989
0 868
0.985

Trele 5. Axial and volume thermal expansion coefficients for
MgSiO. and FeSiO3 pyroxenes

Orthopyroxene Clinopyroxene

0  ( x  1 0 - 6  K  1 ) c ( x 1 0 6 K 1 )

1972); however, this latter value is unusually high, with
the majority of the data falling in the range 20.8 x 10 6

K-r (Dietrich and Arndt 1982) to 36 x 10 6 K ' (Sarver
and Hummel 1962). The value of 32.2(l.l) x 10-6 K-r
calculated from this study is consistent therefore with the
range of previously published values, although somewhat
larger than most (Table 6).

Relatively few data are available in the literature con-
cerning the thermal expansivity of (Mg,Fe)SiO. clinopy-
roxenes; however, the value of ctu at ambient temperature
obtained from this study for the Mg end-member [name-
ly,29.9(l.l) x 10 6 K 'l is identical within one combined
estimated standard deviation to that obtained by Pan-
nhorst [1984; with ctu : 33.3(1.9) x l0-6 K-r], and lower
than the value determined by Sarver and Hummel (1962;
Table 6). The value of ctu at 293 K calculated for FeSiO.
clinopyroxene from the data in Table 4 is 20.3(1.5) x
l0 6 K '; this is considerably lower than the values cal-
culated for FeSiO. clinopyroxenes containing some 15-
30 molVo Ca or Mg [Ohashi (1973) and Smyth (1974),
respectively; Table 61. No previous data exist for the vol-
ume thermal expansion coefficient of pure synthetic
FeSiO. clinoferrosilite.

Assuming that there is a continuous change in behavior
of (Mg,Fe)SiO. pyroxenes across the solid-solution join,
the data in this present study indicate that all such Ca-
-poor orthopyroxenes have higher volume thermal expan-
sion coefficients than the corresponding clinopyroxenes,
irrespective of the relative Fe content of the sample. This
is consistent with the data of Smyth (1973, 1974) for
ortho- and clinopyroxene of intermediate composition
Caoo,.Mgo.orFe.68SiO. (Table 6). It is possible, however,
that as the sample becomes increasingly Mg-rich, this ef-
fect becomes less pronounced, so that at the MgSiO.end-
member composition the difference between the two val-
ues of cru is only slightly greater than the experimental
uncertainties. This is consistent with the data of Skinner
(1966), who quotes, without uncertainties, values of 24
x 10-6 and 22 x 10 6 K ', respectively, for the volume

0.601
0.800
0.889
0.952

Nofe: The "goodness-of-fit" of the data to the calculated value of ovwas
measured by means of an R value, defined as R : ( %"" - %","y( %r")

ous compositions is that of Yang and Ghose (1994), who
suggested that as the Fe content of the orthopyroxene is
increased, so the volume thermal expansion coefficient at
293 K increases. Following their own high-temperature
experiments, Sueno et al. (1976) compared their value of
the volume thermal expansion coefficient of FeSiO. or-
thopyroxene with that of previous determinations and
proposed that an entirely opposite trend may apply; this
observation is supported by similar comparisons with pre-
vious thermal expansion data for a variety of other min-
erals (Cameron et al. 1973). Our data reinforce this earlier
conclusion, with cru increasing from 27.5(1.3) x l0 6 to
32.2(l.l) x l0 6 K ' as the composition changes from
FeSiO. to MgSiO.. The value of the thermal expansion
coefficient, cru for FeSiO. orthoferrosilite is identical to
that of Yang and Ghose (1994) within one combined es-
timated standard deviation, but some 25Va lower than
those of earlier workers (Table 6; Smyth 1973; Sueno et
al. 1976).

A wider range of data is available for the ctu values of
Mg-rich orthopyroxenes, from 20.8 x 10 6 K-' (Dietrich
and Arndt 1982) to 4'7.7 x 10-6 K-, (Frisillo and Bulian

Trele 6. Comparison of axial and volume thermal expansion coelficients of (Mg,Fe)SiO. pyroxenes

Composition Relerence 4oo

MgSiO3 opx
MgSiO" opx
MgSiO" opx
MgossFeol5SiO3 opx
MgSiO" opx
MgSiO" opx
Cao o,uMgo 

"o.Feo 
ussio3 opx

FeSiO" opx
FeSiO" opx
FeSiO" opx
MgSiO" cpx
MgSiO. cpx
Mgo..Feo ouSiO" cpx
MgSiO" cpx
Cao lsFeo o5SiO3 cpx
Cao o,"Mgo.ouFeo u"SiO" cpx
FeSiO" opx

Sarver and Hummel (1 962)
Skinner (1 966)
Frisillo and Buljan (1972)
Dietrich and Arndt (1982)
Yang and Ghose (1994)
This study
Smyth (1973)
Sueno et al (1976)
Yang and Ghose (1994)
This study
Sarver and Hummel (1962)
Skinner (1 966)
Pannhorst (1984)
This study
Ohashi (1973)
Smyth (1974)
This study

1 6 4

5 5
8 0(0 5)

1 3 5
1'l 2
6 7

10 4(1 0)

a.z
7.6(0 6)
8.9
8 3
2 7(o 9)

1 4 5

9 6
13 0(0.6)
1 4 5
1 0 9
1 3 9
6  8 (1 .5 )

1 3 4
16.6(0.5)
I J  J

1 0 4
7.5(1 3)

1 6 8

4.2
10 e(0 6)
1 5 4
1 6 I

o .  l

1 0  1 ( 1  4 )

1 1 5
5.2(0 7l

1 5 2
1 3  8
10  2 (1  2 )

36
24
47.7
20.8
23.5
32.2(1 1)
43.8
39.3
29.0
27.5(1 3)
40.5
22
33.3
t o  o / 1  1 t

37.6
32.7
20.3(1.5)

Note: Expansion coetficients given as oy x 10 6 K-1
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thermal expansion coefficients of MgSiO. orlho- and
clinoenstatite.

Linear thermal expansion

The order of axial thermal expansion coefficients de-
termined from this study for MgSiO. orthoenstatite (Table
5) are ct, ) ct, ) ct.. This sequence is identical to that
qualitatively determined by Dietrich and Arndt (1982),
and the absolute values of the axial thermal expansion
coefficients are within approximately two combined es-
timated standard deviations of those of Yang and Ghose
(1994 Table 6). The available literature disagrees about
the relative magnitudes of the axial thermal expansion
coefficients of FeSiO. orthoferrosilite (Table 6). However,
the majority of these data (e.g., Smyth 1973; Yang and
Ghose 1994) indicate that the rates of expansion of the a
and c directions are approximately equal. Only the data
of Sueno et al. (1976) support our data showing the b
direction as having the lowest value of crr. In the absence
of experimental uncertainties in these published data,
however, it is difficult to make further comparisons.

This study has shown that the relative axial thermal
expansion coefficients of MgSiO. clinoenstatite are in the
order ct, ) ctr,* ) cr.. If it is considered that within two
combined estimated standard deviations the thermal ex-
pansivities in the directions perpendicular to either (100)
or (001) planes are equal, then these data agree with those
of Pannhorst (1984; Table 6). The data presented in Table
4 for the relative axial thermal expansion coefficients of
FeSiO. clinoferrosilite are identical to those of Ohashi
(1973) and Smyth (1974), although it is interesting to
note that our value for otr,uo is some three times less than
either of those calculated by these authors for their Ca-
or Mg-containing clinoferrosilites.

The p angle

The data collected from both MgSiO. and FeSiO. cli-
nopyroxenes has shown that B increases as the tempera-
ture increases. However, comparison with the data of Pan-
nhorst (1984) and Smyth (1974) shows that the increase
in B in the present data (Tables 2 afi 4) is considerably
less than that observed over a similar temperature range
for their MgSiO. and Caou,.Mgo.o.FeourSiO. clinopyrox-
enes, respectively.

Comparisons with compressibilities data

Recent compressibility data collected from synthetic
MgSiO. and FeSiO. ortho- and clinopyroxenes (Hugh-
Jones and Angel 1994; Hugh-Jones 1995) show that the
initial compressibility of orthopyroxene is significantly
greater than that of clinopyroxene of the same composi-
tion and that the compressibility of Fe-rich pyroxenes is
marginally greater than that of Mg-rich pyroxenes. The
reasons for this slightly increased compressibility of the
Fe-rich orthopyroxenes may be explained in terms of the
structural differences between Mg- and Fe-containing py-
roxenes (discussed below). The data of Hugh-Jones and
Angel (1996) and Hugh-Jones (1995) also show that all

(Mg,Fe)SiO. pyroxenes (whether ortho or clino) have rel-
ative linear axial compressibilities in the order 9u > 9. >

B,; in contrast, the order of axial thermal expansivities of
the pyroxenes depends on both their compositions and
structures (Table 5).

Structural aspects

Pyroxenes consist of layers of SiOo tetrahedra joined
by bridging O atoms to form chains running parallel to

[001]. Between these tetrahedral layers are layers of oc-
tahedrally coordinated cations, contained in two structur-
ally distinct sites, known as Ml and M2 sites. The Ml
site is smaller and less distorled than the M2 site. Both
ortho- and clinopyroxenes (with space groups Pbca and
P2,l c, respectively) have two crystallographically distinct
tetrahedral chains contained within the tetrahedral layer:
The "A' chain is straighter with somewhat smaller tet-
rahedra, whereas the more kinked chain with larger tet-
rahedra is known as the "B" chain. The difference be-
tween ortho- and clinopyroxenes lies in the relative
rotation of the tetrahedral "A' chain compared to the
cation octahedra in the layer below: Orthopyroxenes con-
tain O-rotated "A' chains, whereas clinopyroxenes con-
tain S-rotated "A' chains (following the notation of
Thompson 1970). Both structures have O-rotated "B"
chains.

Because Fe2* is significantly larger than Mg, the Ml
and M2 sites of both the FeSiO. polymorphs are corre-
spondingly larger and more distorted than those in
MgSiO. pyroxenes (Domeneghetti and Steffen 1992;
Hugh-Jones 1995). They are also more compressible than
the Mg-containing sites, suggesting that, because the vol-
umes of the SiOo tetrahedra in all pyroxenes are effec-
tively unchanged during heating (e.g., Smyth 1974;Yang
and Ghose 1995) or with initial compression (Hugh-Jones
and Angel 1994), the FeSiO. pyroxene structure as a
whole should be more compressible than the MgSiO. one
(as observed by Hugh-Jones 1995). Mg-rich pyroxenes
are therefore initially more "compact" than Fe'z*-rich
ones because of their smaller cation sites, generally giv-
ing them more scope for expansion at high temperatures
and correspondingly less during compression; the data in
Table 5 confirm that both ortho and clino MgSiO3 pyrox-
enes have higher volume thermal expansion coefficients
than FeSiO. pyroxenes.

The orthopyroxene structure for both end-member
compositions of the (Mg,Fe)SiO. solid solution is initially
more compressible than that of clinopyroxene (Hugh-
Jones 1995): the data in Table 5 show that the same or-
thopyroxenes also expand more quickly than the clino-
pyroxenes. Orthopyroxene is thus the more flexible
sffucture, allowing easier compression and expansion of
the structure than clinopyroxene, irrespective of the rel-
ative sizes of the Mg- or Fe-containing cation sites.

It is easy to understand, when considering the axial
compressibilities of the pyroxene polymorphs, that the
most compressible direction is that which contains the
maximum amount of "free space" at ambient conditions,
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namely, the b direction. The next most compressible di-
rection in all (Mg,Fe)SiO. ortho- and clinopyroxene poly-
morphs is the c direction (Hugh-Jones 1995), which is
parallel to the tetrahedral chains within the structure and
therefore that most affected by the kinking of the chains
under pressure. It was expected that the response of these
pyroxenes to increasing temperature would reflect this
compressional behavior, with the order of axial expansion
being identical to the order of linear compressibilities,
i.e., 9u > p. > 8,. This ffend can indeed be seen in the
data for MgSiO. orthopyroxene (Table 5).

However, the changing order of axial expansivities for
(Mg,Fe)SiO. ortho- and clinopyroxenes (Table 6) sug-
gests that no simple rule is followed on heating like that
observed during compression. Structural data (Hugh-
Jones et al. 1994; Ohashi 1984) indicate that for ortho-
and clinopyroxenes of each end-member composition, the
sizes and distortions of both octahedral and tetrahedral
cation sites are identical within the experimental uncer-
tainties. Thus the differences in relative axial expansivi-
ties are probably due to the complex interplay of internal
strains within the structures arising from the relative ex-
pansion of the M1 andMZ polyhedra (the magnitude de-
pending on the cation contained within the sites; e.g.,
Sueno et al. 1976; Smyth 1973; Yang and Ghose 1995)
and the amount of extension of the silicate chains with
increasing temperature (measured by the O3-O3-O3 chain
extension angle, and generally between 0.5'and l'per
100 K temperature rise; e.g., Sueno et al. 1976; Smyth
1973; Smyth 1974; Pannhorst 1984); silicate tetrahedra
tend to show slight negative thermal expansion over the
temperature ranges studied. It is beyond the scope of this
paper (having collected no further structural data for the
MgSiO. and FeSiO. pyroxenes at high temperatures) to
suggest reasons for these differences.

Thermodynamic implications for MgSiO,

Simple thermodynamic calculations, based on the so-
lution of the equation LG : LH - ZA.t + PAy : 0,
show that the crucial factor determining the nature and
magnitude of the slope of the phase boundary between
MgSiO. ortho- and clinoenstatite is the relative thermal
expansion of the two phases. Indeed, this was the moti-
vation for undertaking this study. A preliminary calcula-
tion, using data for the entropy and enthalpy of the two
phases calculated from their respective heat capacities
(Robie et al. 1978; Thi6blot 1992), compressibility data
from Angel and Hugh-Jones (1994), and various combi-
nations of the previously published data for the thermal
expansion coefficients of the two phases, gave an ex-
tremely poorly constrained phase boundary with a slope
ranging from a highly negative value of dPldT to a highly
positive one.

However, by using the thermal expansion data pre-
sented in Table 5, a very well constrained phase boundary
was obtained; this is shown in Figure 4, superimposed
onto the phase diagram for MgSiO. pyroxenes (Angel and
Hugh-Jones 1994). The fit between the two is excellent

1 500

Pbca

(odho)

P2',lc

(low-clino)

A

C2/c

(hish-

clino)

Pressure (GPa)

Frcunn 4. Phase diagram of MgSiO. pyroxene (after Angel
and Hugh-Jones, 1994), showing the position (dashed line) of the
newly calculated phase boundary between the ortho- and cli-
noenstatite polymorphs. Further calculations, assuming the ther-
mal expansion coefficients of the two phases to be identical (see
text), yield a phase boundary shown by the dotted line. The tri-
angles represent the reversal data ofPacalo and Gasparik (1990),
circles the data of Grover (1972), and the box represents the
reversal bracket on the ortho- to high-pressure clinoenstatite tran-
sition determined at ambient temperature by Angel et al. (1992).

at pressures below -6 GPa; the new boundary is also
consistent with the limited low-pressure reversal data of
Grover (1972). At pressures between 6 GPa and the triple
point (-7.9 GPa), there appears to be some deviation, but
too few experimental data exist at these pressures and
temperatures to dispute its validity.

The above calculation assumed no change of either
bulk moduli with temperature; however, no significant
change in the position of the phase boundary between the
two phases in P-Z space was observed upon the inclusion
of a term for d,KldT for the two phases (e.g., Zhao et al.
(1995), assuming identical values of dKldT for both or-
tho- and clinopyroxene polymorphs). If, on the other
hand, the volume thermal expansion coefficients of the
two phases are considered to be identical [and constrained
to be either 32.2 x 10 6 or 29.9 x 10-6 K ' (Table 5)1,
the boundary is shifted to slightly lower temperatures

Gig. a), although it is still consistent with the reversal
data of Grover (1972). In conclusion, it is therefore likely
that the small difference in volume thermal expansion
coefficients observed in this studv between MsSiO. or-

:l

$ rooo
F
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tho- and clinopyroxene is signiflcant in determining the
precise nature of the phase boundary between them.

Finally, it is unfortunate to note that there are insuffi-
cient thermodynamic data available for a similar calcu-
lation to be performed for the FeSiO. polymorphs.
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