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A compressional study of MgSiO, orthoenstatite up to 8.5 GPa
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ABSTRACT

A single crystal of MgSiO, orthoenstatite has been studied by single-crystal X-ray dif-
fraction in a diamond-anvil cell up to a pressure of 8.5 GPa. From the unit-cell data, it
has been shown that the volume variation with pressure is best described by two inde-
pendent equations of state, with significantly different values for their room-pressure bulk
modulus, K,, and its first derivative, K;: at P < 4 GPa, K, = 95.8(3.0) GPa, and Kj =
14.9(2.0); at P > 4 GPa, K, = 122.8(16.5) GPa, and K{ = 5.6(2.9).

A series of structural refinements carried out at pressure intervals of ~1 GPa shows that
there is a change in compression mechanism at about 4 GPa that would account for this
break in the equation of state of the pyroxene. Below 4 GPa the SiO, tetrahedra are
essentially incompressible, with no change in Si-O bond lengths and O-Si-O bond angles,
whereas at higher pressures the Si-O bond lengths shorten in a regular way, with no angular
distortion of the SiO, tetrahedra. The linear volume compressibility of both of the tetra-
hedra between 4 and 8 GPa is 0.0062(1) GPa~! [corresponding to a bulk modulus of
162(3) GPa). By contrast, the Mg-O bond lengths decrease steadily over the whole pressure
range studied; the compression of each of the MgO, octahedra may be described by a
single third-order Birch-Murnaghan equation of state: for the M1 site, K, = 53.2(5.4) GPa,
and K/, = 31.9(6.3); for the M2 site, K, = 63.1(8.5) GPa, and K = 26.7(7.9).

There is a well-defined change in both the degree of kinking of the tetrahedral chains
(as measured by changes in the 03-03-O3 chain extension angle) and the amount of
tetrahedral tilt toward the (100) plane at about 4 GPa. At low pressures the B chain, which
is more distorted at room pressure, kinks dramatically while keeping the bases of its
tetrahedra at a constant orientation of approximately 7° from the (100) plane, whereas
above ~4 GPa the kinking ceases, and the tetrahedra begin to tilt steadily toward the
(100) plane. The A chain behaves essentially in the reverse way: below 4 GPa the tetra-
hedra tilt markedly toward the (100) plane with only a little chain kinking occurring,
whereas at higher pressures, the tetrahedral tilt virtually stops, and the kinking continues

slowly in the opposite direction.

INTRODUCTION

Pyroxenes are major components of the Earth’s upper
mantle; the transformation of these chain silicates to
higher density garnets is a possible contribution to the
seismic discontinuity that divides the upper mantle from
the transition zone at about 400 km (Gasparik, 1989). At
depths shallower than 400 km, two. separate pyroxene
phases are stable—a diopside-jadeite solid solution that
contains the Na and Ca components, and a Ca-poor py-
roxene with an approximate formula of (Mg,Fe)SiO,.
Much work has already been done on the phase transi-
tions between orthorhombic and monoclinic pyroxenes
of several compositions at both high temperature and
pressure, and the general topology of the MgSiO, enstatite
phase diagram has been determined by Angel et al.
(1992a). At high pressures and temperatures, orthoensta-
tite transforms to a monoclinic (C2/c¢) structure (Pacalo
and Gasparik, 1990; Kanzaki, 1991). This clinoenstatite
polymorph is the stable high-pressure phase of MgSiO,
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enstatite. The AV for this transition has previously been
estimated at ~3%, and it has been suggested (Angel et
al., 1992a) that the orthorhombic to monoclinic C2/c en-
statite transition may contribute to the Lehmann seismic
discontinuity at depths of 180-280 km in the subconti-
nental mantle. In order to assess the contributions of the
enstatite component to the seismic structure of the upper
mantle, it is important to measure the equations of state
of the individual enstatite polymorphs in situ at high
pressures, to determine not only their densities at depth
but also the AV across the various phase boundaries.
Raman experiments carried out on an MgSiO; or-
thoenstatite by Chopelas and Boehler (personal commu-
nication) showed a distinct change, between about 3.5
and 5 GPa, in the slopes of Raman frequencies with pres-
sure, dv/6P. These observations suggested that orthoen-
statite underwent a phase transition in this pressure in-
terval, which could have a significant effect on its equation
of state. We have therefore undertaken a high-pressure
single-crystal X-ray diffraction study of end-member
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TaBLE 1. Variation of cell parameters with pressure TaeLE 2. Refinement parameters
P (GPa) a(h) b(A) c(A) V(A% No. refs. No.
(73 Cell before obs.
0.00 18.233(1) 8.8191(7) 5.1802(5) 833.0(1) (GPa) type averaging />3¢, Rf(av) R, R, Gy
0.33 18.2143(9) 8.8105(8) 5.1735(5) 830.2(1)
0.75 18.1969(7) 8.7926(4) 5.1671(4) 826.74(8) 000 1 1232 681 00287 0.049 0.047 157
1.04 18.186(2) 8.782(1) 5.1610(6)  824.3(1) 104 2 1235 642 0.036 0058 0.055 1.44
1.28 18.1768(9) 8.7751(7) 5.1596(5) 823.0(1) 1.95 1 1226 657 0.0315 0.074 0.066 1.85
1.95 18.148(1) 8.756(1) 5.1493(7) 818.2(1) 327 1 1199 687 0034 0.056 0.048 1.40
2.19 18.1428(4) 8.7479(3) 5.1467(2) 816.84(5) 409 1 1268 723 0031 0.064 0.056 1.69
2.49 18.1280(5) 8.7381(4) 5.1418(2) 814.49(5) 4.95 1 1102 605 0.0331 0.074 0.069 1.83
2.82 18.1175(5) 8.7289(4) 5.1381(3) 812.56(6) 585 2 1187 613 0.043 0.068 0.057 1.70
3.27 18.1045(6) 8.7181(4) 5.1327(3) 810.13(6) 7.00 2 1121 668 0.045 0.056 0.060 1.32
3.64 18.0884(7) 8.708(1) 5.1280(6) 807.7(2) 810 2 1142 672 0.046 0.069 0.074 164
3.88 18.0830(7) 8.7020(5) 5.1257(3) 806.57(7) - = -
4.09 18.0710(7) 8.6929(5) 5.1214(3) 804.52(7) Note: cell type 1 refers to the Merrill-Bassett type diamond-anvil cell;
4.26 18.065(2) 8.690(2) 5.119(1) 803.5(2) cell type 2 refers to the DXR4 type cell.
452 18.063(1) 8.684(1) 5.1172(7) 802.7(1)
476 18.0526(9) 8.6770(8) 5.1145(5) 801.15(9)
4.98 18.0455(6) 8.6708(5) 5.1119(3) 799.86(6)
5.07 18.0409(8) 8.6696(6) 5.1106(4) 799.34(8) linear least-squares refinement technique, refining the ini-
g;? }g:gg;g g:gg??z(;‘;) gilé%fgi ;gg:gg; tial volume, V;, room-pressure bulk modulus, K;, and
5.53 18.023(1) 8.658(1) 5.1052(6) 796.7(1) K} simultaneously. Because a simple Murnaghan equa-
pies 180G 88542) 5.102(1) 795.1@2) tion of state does not describe the data adequately at higher
6.36 18.007(2) 8.637(1) 5.0980(8) 792.9(2) - . .
7.00 17.983(1) 8.6241(9) 5.0902(7) 789.4(1) pressures, a Berh-Murnaghan third-order equation of
8.10 17.950(4) 8.604(5) 5.080(2) 784.5(5) state (Birch, 1947) was used throughout. A fourth-order
8.51 17.9361(8) 8.5897(6) 5.0760(5) 782.03(9)

MgSiO; orthoenstatite to determine both its equation of
state and the mechanisms of compression over the pres-
sure range 0-8.5 GPa.

EXPERIMENTAL DETAILS

A fragment measuring 125 x 50 x 30 um was cut from
a large synthetic MgSiO, orthoenstatite crystal (U.S.
NMNH 137311). It was found to be free from twins and
optical imperfections and was selected on the basis of
X-ray diffraction peak profiles collected on a diffractom-
eter. A data collection was carried out at room temper-
ature and pressure with a conventional glass-fiber mount
before the crystal was mounted in a modified Merrill-
Bassett type diamond-anvil cell (Hazen and Finger, 1982).
The crystal was later transferred to a DXR4 type dia-
mond-anvil cell (Angel et al., 1992b) to obtain data at
pressures exceeding 5.5 GPa. The pressure medium used
was a 4:1 methanol-ethanol mixture, and pressure was
determined by using the R, laser-induced fluorescence
from a ruby chip included in the cell; the wavelength shift
was converted to pressures using the calibration of Mao
et al. (1986), and the precision of the pressure measure-
ments is estimated to be better than +0.03 GPa.

A Picker four-circle diffractometer equipped with a Mo
X-ray tube (K« radiation obtained by g filtering) was used
throughout the experiment. Unit cells were determined
at each pressure by a vector least-squares fit (Ralph and
Finger, 1982) to the positions of 28-32 accessible reflec-
tions in the range 12° < 28 < 25° centered by the method
of King and Finger (1979). Unit cells at all pressures dis-
played orthorhombic symmetry within the estimated
standard deviations (esd); cell parameters obtained with
orthorhombic constraints are reported in Table 1. Equa-
tions of state were fitted to the unit-cell data using a non-

Birch-Murnaghan equation of state gave no better fit to
the data than a third-order equation of state, with K"
refining in all cases to less than its estimated standard
deviation. The quality of fit of the various equations of
state to the data were assessed by means of an R value,
defined as

2 IPobs - Pcalcl

E |Pobs|

Structural data of the compressed MgSiO, orthoensta-
tite were collected at pressure intervals of approximately
1 GPa. For these data collections, intensities of all acces-
sible reflections to 26 = 60° in one-half of reciprocal space
were collected with  scans of 1° total width and a step
size of 0.025° in a constant precision mode, to obtain
1/6, > 10, subject to the restriction of a maximum count
time per step of 8 s. Room-pressure data from the crystal
mounted in the cell containing no fluid was also collected
to eliminate the possibility of systematic errors in the
refined parameters arising from cither restricted access to
the reflections or uncertainties in the corrections for di-
amond-anvil cell absorption. Standard reflections were
collected every 200 min to check for drift of the diffrac-
tometer and intensity decrease (for example, due to fail-
ure of the X-ray tube). No significant or systematic vari-
ations in these standard reflections were seen during the
course of any data collection. Refinement parameters are
given in Table 2.

Integrated intensities were obtained from the step scans
by a modified Lehmann-Larsen algorithm (Grant and
Gabe, 1978), with the option to reset backgrounds inter-
actively. Much care was taken to ensure that only the
Bragg intensity was integrated and any diffuse back-
ground excluded. Intensities were corrected for diamond
absorption, Lorentz-polarization effects, shadowing by the
gasket, and absorption by the crystal itself (typically, g,
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= 10 cm!). The reflections were averaged in Laue group
mmm. Refinements to structure factors with F > 60, were
carried out with the RFINE90 program, a development
version of the RFINE4 program (Finger and Prince, 1975),
with reflections assigned weights of o2, where ¢ was de-
rived from counting and averaging statistics. Positional
parameters, bond lengths, and angles are given in Table
3.t All of the bond lengths in the room-pressure refine-
ment are within 2 combined esd of the structure of MgSiO,
orthoenstatite reported by Ohashi (1984); most are with-
in 1 esd.

REsuULTS
Equations of state

Unit cells were determined at approximately 0.3-GPa
intervals to 8.5 GPa. There were no observed hysteresis
effects on increasing and decreasing the pressure, and no
systematic differences between data collected in the two
types of diamond-anvil cell. A single equation of state
fitted to the entire data set has the parameters K, =
103.1(1.9) GPa, K}, = 9.2(0.6), and R = 0.86%. However,
the systematic pattern of residuals (P,,, — P, ) indicates
that this single equation of state is not an adequate de-
scription of the volume variation of the orthoenstatite
with pressure. In fact, the data display a distinct discon-
tinuity at a pressure of approximately 4 GPa. This dis-
continuity is reproducible and independent of the type of
diamond-anvil cell employed for the diffraction experi-
ment—note that the data points at 4.09 and 4.26 GPa
are from different loadings of the crystal in two cells of
different designs. The volume variation is better de-
scribed by two separate equations of state fitted indepen-
dently to the data at 0—4 and 4-8.5 GPa (Fig. 1):

P<4GPa K,=95803.0)GPa  K;=14.9(2.0)

P>4GPa K,=122.8(16.5)GPa K= 5.6(2.9).

The combined R value for this pair of equations of state
is 0.71%, a significant improvement over the single equa-
tion of state at the 95% confidence level as assessed by a
Hamilton test (Hamilton, 1965).

At 4 GPa, the difference in volume predicted by the
two equations of state is 0.7 A3 per cell, which is on the
order of the experimental uncertainties. We have at-
tempted to determine whether this volume change is sig-
nificant by refining two equations of state constrained to
have the same volume at the crossover pressure P... Free
refinement of P, with the other equation of state param-
eters (V,, K,, and K} for the low-pressure regime, and
K, p. and K., for the high-pressure regime) partially
converges to P, = 4.27 GPa and oscillates by +£0.03 GPa
about this value. The R-value of this fit is 0.86%, signif-
icantly worse than the two independent equations of state

! For a copy of Table 3 order Document AM-94-551 from the
Business Office, Mineralogical Society of America, 1130 Sev-
enteenth Street NW, Suite 330, Washington, DC 20036, U.S.A.
Please remit $5.00 for the microfiche.
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Fig. 1. The variation of the volume of orthoenstatite with

pressure; uncertainties in /¥, and the pressure are less than the
size of the symbols. Note the distinct discontinuity in the vol-
ume at ~4 GPa. The lines represent two third-order Birch-Mur-
naghan equations of state of MgSiO; orthoenstatite fitted to the
data, with the parameters shown. The numbers in parentheses
represent standard deviations from the quoted values of K, and
K.

at the 95% confidence level. Although these results are
suggestive of the break in the equation of state being ac-
companied by a volume change, it must be remembered
that the fundamental assumptions underlying the use of
finite-strain equations of state are violated in such a case.
The apparent volume change may therefore be an arti-
fact, and we are unable to conclude whether the equation
of state has a distinct break or whether there is a contin-
uous crossover transition in the pressure interval ~3.9-
4.3 GPa.

Determinations of the adiabatic bulk moduli of ortho-
pyroxenes have been made at low and ambient pressures
by Brillouin spectroscopy and ultrasonic techniques.
Weidner et al. (1978) reported a room-pressure adiabatic
bulk modulus (K,) of 107.8 GPa for MgSiO,, which cor-
responds to an approximate value of K, [= K(1 + ayT)~!]
of 106.7 GPa. An equation of state fitted to our low-
pressure data (P < 4 GPa), with K, fixed at this value
gives V, = 832.4(1) A3, K, = 8.4(7), and R = 1.5%, a
poor fit, with V; differing from the observed value by >4
combined esd. Even allowing for uncertainties in the con-



408

Fig. 2. A polyhedral representation of a portion of the or-
thoenstatite structure at 0 GPa, viewed down the x axis. M1
polyhedra are shown as octahedra, M2 sites as circles. The upper
tetrahedral chains are all B chains, the lower ones are all A chains
(Cameron and Papike, 1981). The chain extension angle, 8, of
the B chain is indicated. Arrows indicate the directions of move-
ment of the O3B atoms on increasing pressure, which result in
a decrease in the extension angle of the B chain and a decrease
in M2-O3B distance.

version of adiabatic moduli to isothermal moduli due to
the large uncertainties for orthopyroxenes in the factor (1
+ avyT), the value of K, determined by Weidner et al.
(1978) is inconsistent with our data. However, the large
value of K} that we obtained in the low-pressure regime
is confirmed by ultrasonic measurements of orthopyrox-
ene to pressures of 3 GPa (Webb and Jackson, 1993).
Detailed comparison with our data is difficult, not only
because of the uncertainties in the adiabatic to isothermal
conversion, but also because Webb and Jackson (1993)
used a pyroxene containing about 20% Fe, which may
cause a 1% decrease in bulk modulus from the value for
pure enstatite (Weidner et al., 1978).

Calculation of the relative compressions of the axes
(i.e., a’/a,) up to 8.5 GPa shows the [010] direction to be
the most compressible and [100] the least. Two indepen-
dent third-order Birch-Murnaghan equations of state were
fitted to each of the axial shortenings; these exhibit a small
but distinct break at about 4 GPa. In all three directions
the higher pressure regime (with P > 4 GPa) has higher
moduli than the lower pressure regime, and the first de-
rivatives of these moduli are approximately half the value
of those at the lower pressure.

Structure

Orthopyroxenes consist of alternating layers of SiO,
tetrahedra and MgO, octahedra parallel to the (100) plane
(Cameron and Papike, 1981). In each tetrahedral layer,
the SiO, tetrahedra share two corners with adjacent tet-
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Fig. 3. Variation of average tetrahedral volume for both tet-

rahedra, with pressure. Note that the error bars represent the
maximum uncertainty in the volumes; the standard deviations
are less than these.

rahedra, forming infinite chains running parallel to the ¢
axis. The more extended chain, as measured by the angle
03-03-03 (Fig. 2), with smaller tetrahedra, is referred to
as the A chain, and the more kinked chain, with larger
tetrahedra, is referred to as the B chain. The octahedral
layer consists of two distinct M sites—a small, almost
regular M1 site and a larger distorted M2 site.

The space group of orthoenstatite at ambient pressure
is Pbca, although there have been some reports of ortho-
pyroxenes exhibiting P2,ca symmetry (e.g., Smyth, 1974;
Harlow, 1980; Luo et al., 1992). It has been demonstrated
that most examples of apparent P2,ca symmetry (i.c., the
observation of reflections violating the reflection condi-
tion k = 2n in 0k/) arise from a combination of exsolu-
tion textures and diffuse diffraction (Sasaki et al., 1984).
Scans for intensity at the positions of systematic absences
of the space group Pbca were therefore undertaken at 2.05
GPa. No reflections were observed with 7 > 3¢,, confirm-
ing that the crystal used in our experiments has Pbca
symmetry. A similar set of scans at 5.17 GPa also re-
vealed no observed violations of Pbca symmetry, thus
demonstrating that the change in compressional behavior
at 4 GPa is not accompanied by any symmetry change.

Before now, Si-O bonds in pyroxenes have been con-
sidered to be essentially incompressible (Levien and
Prewitt, 1981; Hazen and Finger, 1977), as Ralph and
Ghose (1980) also demonstrated for orthoenstatite at
pressures up to 2.1 GPa. However, although our data
confirm this behavior (i.e., no significant change in either
Si-O bond lengths or O-Si-O bond angles) at pressures
below 4 GPa, there is considerable shortening of the Si-O
bonds at higher pressures. Even above 4 GPa the O-Si-O
bond angles remain unchanged within their estimated
standard deviations, but the tetrahedral bond lengths de-
crease significantly, resulting in a very significant decrease
in the volumes of the two SiO, tetrahedra (Fig. 3). The
linear compressibilities of the volumes (3,) of both of the
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Fig. 4. (a) Angle of tilt of the tetrahedra in both chains with

respect to the (100) plane. This tilt is determined as the angle
between the normal to the basal plane of the tetrahedra (defined
by coordinates of the O2 and O3 atoms), and the [100] direction.
(b and ¢) Variation of the chain extension angle, 03-03-03, for
the A and B chains. Note the change in slopes at 4 GPa.

SiO, tetrahedra above 4 GPa are 0.0062(1) GPa~!, cor-
responding to bulk moduli of 162(3) GPa.

High-pressure studies of other silicate minerals have
shown that SiO, tetrahedra are generally incompressible
over the pressure range of 0-~5 GPa. The few studies
that have been performed at pressures significantly in ex-
cess of 5 GPa have, however, revealed compression of
Si0, tetrahedra that, as in orthoenstatite, is due to com-
pression of the Si-O bonds rather than due to deforma-
tion (i.e., flattening) of the tetrahedra. The compressibil-
ity of the tetrahedra in orthoenstatite is intermediate
between that in Mg,SiO, olivine, for which a 8, of
0.0071(3) GPa ! can be calculated from the data to 14.9
GPa of Kudoh and Takéuchi (1985), and that in andra-
dite to 19 GPa (Hazen and Finger, 1989), for which 8, =
0.0050(4) GPa—'.

Kinking of the tetrahedral chains, as measured by
changes in the 03-03-03 chain extension angle (Fig. 2),
also occurs in an irregular way over the whole pressure
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Fig. 5. Compression of the Mg2-O3 bonds up to 8 GPa. The

standard deviation of the pressure is considerably less than the
width of the symbols.

range studied. Up to 4 GPa, the B chain, which is the
more distorted at room pressure, kinks dramatically,
keeping the bases of its tetrahedra at a constant orienta-
tion of approximately 7° from the (100) plane (Fig. 4).
Above 4 GPa, the kinking ceases, and the tetrahedra be-
gin to tilt steadily toward the (100) plane. The A chain
behaves in essentially the reverse way; below 4 GPa, the
tetrahedra tilt markedly toward the (100) plane with only
a little chain kinking occurring, whereas at higher pres-
sures the tetrahedral tilt virtually stops and the kinking
continues slowly, but in the opposite direction (Fig. 4).

Compression of the Mg octahedra is intimately con-
nected with the deformation of the tetrahedral chains
through the sharing of O atoms. It is therefore somewhat
surprising that we find that compression of the Mg oc-
tahedra occurs in a continuous manner, with no apparent
discontinuity in either the rate of bond shortening or
polyhedral compression at 4 GPa. All the Mg-O bonds
decrease steadily in length, although the Mg2-O3 bonds
compress more dramatically than the rest (Fig. 5; also
Ralph and Ghose, 1980). The octahedral volumes are
seen to decrease in a similarly regular way. This com-
pression is described by a single third-order Birch-Mur-
naghan equation of state for each octahedron:

M1 site K, = 53.2(5.4) GPa K =31.9(6.3)

M2site K, = 63.1(8.5)GPa K} = 26.7(1.9).

The octahedra, which make up approximately 23% of the
total volume of the structure, are thus more compressible
than the structure as a whole.

DiscussioN

By collecting high-precision structural data at closely
spaced pressure intervals, we have demonstrated that or-
thoenstatite undergoes a change in compression mecha-
nisms at ~4 GPa. At lower pressures compression is ac-
commodated by changes in the conformation of the chains
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of essentially rigid SiQ, tetrahedra, but above 4 GPa there
is in addition significant compression of the Si-O tetra-
hedral bonds. This change in compression mechanism is
reflected in the equation of state of orthoenstatite, which
shows a distinct break at this pressure (Fig. 1), and it is
also apparent in a change in the rate of change, 6v/6P, of
the Raman frequencies of enstatite between 3.5 and 5
GPa (Chopelas and Boehler, personal communication).
It is not clear from the data in the literature whether
such changes in compression mechanism are a general
phenomenon but have not usually been observed because
of insufficient data coverage or insufficient precision in
high-pressure structure refinements. Alternatively, these
kinds of change may only occur in structures in which
there are sufficient degrees of freedom within the struc-
ture to allow smooth compression of the polyhedra of the
larger cations independently or semi-independently of
discontinuous changes in the compression of the silicate
tetrahedra. We do note that MgSiO, orthorhombic pe-
rovskite with SiO, octahedra also shows a change in com-
pression mechanism at 5 GPa (Ross and Hazen, 1990).
Our results on orthoenstatite generally confirm the pro-
posals of Webb and Jackson (1993) that the compression
of the deformed M2 octahedra should eventually reach a
stage where further kinking of the tetrahedral chains be-
comes energetically unfavorable. As this situation is ap-
proached, they expect the pressure derivatives of the
moduli to return to normal values (i.e., comparable with
those observed for simple structures). That is what we
have observed: K} decreases from 14.9 to 5.6 at a pres-
sure of 4 GPa, where the change in compression mech-
anism occurs. The high value of K} at low pressure is
therefore attributed to the initial rapid compression of
the Mg2-O3B bond, which requires the concomitant
changes in the conformation of the tetrahedral B chain.
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