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AssrRAcr
Order-disorder phenomena, which play a key role in the energetics,crystal chemistry,
and physical properties of numerous solids, may be strongly affected by pressure.The
effect of pressureon the state of cation order depends fundamentally on the volume of
- Vo..etea.
Although AZ"" may be positive or negative, it is
diSOrdering,AV^": Zai"o.a"."a
usually positive for cation ordering in rock-forming minerals; pressure,therefore,tends to
increaseorder in geologicalsystems.Three structural mechanismsthat contribute to AZ""
are ( I ) positive A Z*" (typically < l0lo)associatedwith ordering of similar cations over two
or more similar sites, (2) variable AV^" (-lo/o = A,Vor"s lolo)associatedwith Al-Si tetrahedral ordering in framework minerals, and (3) large AV^" (up to 5olo)associatedwith
cation ordering involving mixed valence, mixed coordination, or both. Pressurealters
order-disorder reaction rates by restricting cation motions or changing cation diffirsion
mechanisms.Influencesof pressureon ordering in olivines, orthopyroxenes,high-pressure
ferromagnesiansilicates, spinels, garnets, perovskites, and rhombohedral carbonatesare
discussed.Severalexperimentsare proposedto elucidatethe phenomenonofhigh-pressure
ordering in systemsof mineralogical interest.
implies an important role for pressurein ordering pheINrnooucrroN
Order-disorder phenomenaplay a key role in the en- nomena'
Pressure-inducedordering has implications for studies
ergeticsand crystal chemistry of numerous tofiOr, i""frAin
materials science,geophysics,and solid-state physics'
ing alloys, ferroelectric materials, fullerenes, high-6In
materials science, an understanding of pressure-inperature superconductors, and rock-forming ;;;i;.
duced ordering could lead to new techniques for tuning
Variations in degreeofordering result in.tu"g.t i" ft".
the-propertiesof synthetic materials such as ferroelectrics
energy and, therefore, affect phase stability. T;sid;,
and cuprate superconductors'In geophysics,recognition
;";
between disordered and ordered states,furthe;";;,
of high-pressure ordered states in the oxides' silicates,
alter crystal symmetry and cause significant
"h";;;r;;---and metal alloys that form much of the Earth's deep inphysical properties,including thermal u"O .f""t.l.uT
"onterior is essentialfor developing realistic models of the
ductivity, vibrational spectra,and elastic -oouii.-properties and dynamic behavior ofour planet'
Order-disorder behavior has traditionally been consid- transport
physics, high-pressure order-disorder beIn
solid-state
O.ered in terms of its temperature and
provide
a sensitive indicator of relative
may
"o-po.ltioiui
havior
pendence.Recent studies,however, suggest
th"t;;J;;g
interatomic potentials' The obof
nature
in
the
changes
in many crystals is strongly affectedby press.rreat *"ff.
jective
is
examine structural and therto
review
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High-pressuresynthetic crystals of olivine te*a*a et af.
ordering, to sumhigh-pressure
of
aspects
mochemical
garnets
1985), wadsleyite (Finger et al. 1993),
111;;; .,
on
order-disorder
data
high-pressure
marize existing
al.l994),andanhydrousphaseB(Hazenetal. i992),for
for fuopportunities
needs
and
to
suggest
and
reactions,
example, display cation ordering to an extent ti;; il';;i
research'
ture
g"n"rulty obierved in analogous low-pressure phases.
Other materials,including binary metal alloys (Owen and
transitions
Lin 1947),spinels (O'Neill and Navrotsky 1983), frame- Types of crystallographic order-disorder
Each atom in an ideally ordered crystal occurs in a
work silicates (Smith and Brown 1988), orthopyroxenes
(Domeneghettiet al. 1995), and carbonates(Capobianco specific position and chemical environment-a crystalet al. 1987), experiencesignificantvariations in molar lographicsitethatrepeatsidentically,essentiallytoinfinvolume with changesin the state of order, behavior that ity. From a crystallographicpoint of view, four kinds of
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disorder phenomena that may affect the regularity of a
stoichiometric crystal are commonly cited in the literature: positional disorder, rotational disorder, distortional
disorder, and substitutional disorder. Note, however, that
the distinctions betweenthesephenomenain many cases
may be somewhat arbitrary.
(1) Positional disorder: All atoms experiencesome dynamic positional disorder as a result of thermal vibrations. In addition, static positional disorder occursin some
crystals when an atom occupies slightly diferent mean
positions in different unit cells. In the alkali feldspar albite, NaAlSi3Or, for example, Na atoms adopt four distinct positions, dependingon the local arrangementof Al
and Si (Winter et al. 1977).
(2) Rotational disorder: The closely related phenomenon of rotational disorder occurs in molecular crystals
such as high-pressureH, (Mao and Hemley 1994) and
Cuo(Fischer and Heiney 1993), in which the molecules
have no fixed orientation but rotate more or less freely,
increasingthe entropy of the phase.Rotational disorder
may also occur about a specificaxis, as observedfor CO,
groups in some rhombohedral carbonates(Ferrario et al.

tric crystals, which are defect structureswith partial disorder. Defects in these structures may occur as missing
atoms (vacancies),as in the caseof wiistite Fe,_"O (Hazen and Jeanloz 1984) and the oxide superconductor
YBarCurOr-, (Hazen I 990). Alternatively, interstitial atoms may occur, as observedin the excessO of LarNaOo*,
(e.g.,Chaillout et al. 1989).
Other types of order-disordertransitions

Structural order-disorder reactions may also occur in
materials that are not strictly crystalline, including quasicrystals, liquid crystals, plastics, and amorphous phases
(Venkataraman et al. 1989). In most casesthese transitions are analogousto those in more regular crystals.
Of special interest are recently documented examples
of molecular compounds in which pressure stabilizes
highly ordered crystalline arrangementsof dissimilar atoms or molecules-mixtures that form fluids at room
temperature and lower pressures.Examples include van
der Waals compounds such as He(Nr),, (Vos et al. 1992),
Xe(He), (Barrat and Vos 1992),Ne(He), (Loubeyre et al.
1993), and Ar(H,), (Loubeyre et"al. 1994), high-pressure
r994).
clathratessuch as those in the systemsHe-HrO (Londono
(3) Distortional disorder: Distortional disorder, which et al. 1988)and Hr-HrO (Vos et al. 1993),and molecular
is also closely related to thermal disorder, may occur in compounds such as (Or)r(Hr)o (Loubeyre and LeToullec
structures like a-SiOr, q'oarIz>that can distort in more 1995)and phasesin the Hr-CH4 system(Somayazuluet
than one equivalent way from a high-symmetry form (Kial. 1996).
hara 1990). High-symmetry structures may thus repreIn addition to structural order-disorder, which insent a dynamic or static distortionally disordered aver- volves the positions of atoms, a variety of electronic and
aging of unit cells that are, locally, in the low-symmetry magnetic order-disorder effectsare known. Indeed, these
configuration. This type of disorder abounds in perov- phenomena,which include the Verwey transition in FerOo
skite-type structures.
and related spinels (see,for example, Kakol et al. 1992),
(4) Substitutional disorder: Substitutional disorder. electron delocalization (for example, the insulator-towhich is the primary focus of this study, results from the metal transition in VOr; Pintchovski et al. 1978), and
interchange of different atoms over two or more sites. spin unpairing, as in CorOoand CaFeO, (O'Neill 1985;
Thesesitesare crystallographicallydistinct in the ordered Takano et al. 199l; Mocala et al. 1992),provide the focus
phase but may be either distinct or equivalent (on the for most condensedmatter research on ordering. Elecaverage)in the disordered phase. In the classic example tronic and magnetictransitions have usually beenstudied
of Cu-Au alloys (see,e,g., Hume-Rothery et al. 19691' as a function of temperature, though there have been some
Rahman 1994), the disordered structure features a ran- high-pressureinvestigations (see,for example, Skelton et
dom distribution of Cu and Au on a single symmetrically al. 1994;Harada eI al. 1994; Kelso and Banerjee1995).
distinct site. Ordered forms, such as CuAu and CurAu, Becausethe changein electronic state involves a volume
on the other hand, possessa lower symmetry, with at change,metallization and spin-pairing reactionsmay beleast two crystallographically distinct sites. Numerous come favorable at high pressurewhen AZ of ordering is
rock-forming minerals, including ferromagnesian sili- positive (seebelow).
cates,spinels,feldspars,and carbonates,exhibit this tlpe
Srcmrrc,lNcE AND srRUcruRAL
ofdisorder, as discussedbelow.
oRrcrNs oF a%i"
Any changein the degreeofsubstitutional disorder requires atoms to move from one site to another in the
The effect of pressure on the state of order depends
structure, generallya distance of severalangstroms.This fundamentally on the volume of disordering,AZ*", which
situation contrastswith changesin positional and distor- may be defined as
tional disorder, in which only a very small shift in atomic
(l)
LVox:
Zarm,ae.ea Vqae,ea.
coordinates is required (generally <0.5 A). As a result,
an energy barrier must be overcome for intracrystalline
Combining the first and secondlaws of thermodynamdiffusion to occur and substitutional order to change. 1CS,
Consequently,order-disorder transitions of this kind are
(2)
6G: -,SDr + V6P.
often sluggish.
Substitutional disorder also occurs in nonstoichiome- It follows that
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TABLE1, Volumesof disordering,AVo,",for variousminerals
Structure

Formula

AV*
v^"
(cm3/mol)- (cm3/mol)'

Sites

0.13
0.15

0.4
0.8

44.9
46.2
43.1
64.4
40.2
39.1
44.7

0.24
-0,6
0.4
0.3
0.40
0.36
0.54

0.5
-1.3
0.9
0.5
1.0
0.9
1.2

39.5
5s.0
55.4
61.9
64.3

slightly+
0.3
0.4
0.03
-0.3

0.1
0.5
0.6
0.05
-0.5

Ca,Mg
Si,AI

65.6
100.5

0.15
0.5

0.2
0.5

tet
tet

si,Al
si,Al

108.8
112.0

0.0
-0.3

oct and tet

Ni,Fe

157.0

7.0

Cu-Au alloy

CusAu
CuAu

12jold
12-fold

Cu,Au
Cu,Au

31.64
17.4

Olivine

(MgFe)Si04
(MgMn)Si04
(MgNi)SiO.
(MgFe)Si"Ou
ZnAl2O4
NiAtrol
MgFe,Ol

ocr
ocr
oct
oct and tet
oct and tet
oct and tet

Mg,Fe
Mg,Mn
Mg,Ni
Mg,Fe
Zn,Al
Ni,AI
Mg,Fe

Pseudobrookite

Mg.SiO.
MgTi,05
(Mg,Fe)TtO5

Carbonates

(cdMsXcoJ,
(caFeXCOJ,

oct and tet
oct
oct
ocI
oct

Mg,Si
Mg,Ti
(Mg,Fe),Ti
Cd,Mg
Ca,Fe

(CaMg)(Cos),
NaAlSi3Os

oct
tet

KAtSLOs
RbAtsi3oo
M"S"

Orthopyroxene
Spinel'-

Feldspar

Pentlandite

% change'

ocI

0.0
-0.3

References
OwenandLiu(1947)
and Linde(1936)
Johansson
andJCPDScard25-1220
Akamatsuet al. (1993)
Akamatsuet al.(1988)
ottonelloet al. (1989)
et al. (1995)
Domeneghetti
O'NeitlandDollase(1994)
o'Neiilet al.(1991)
O'NeillandNavrotsky(1983)
ando'Neillet al.(1992)
SmithandBrown(1988)
BrownandNavrotsky(1989)
Brownand Navrotsky(1989)
et al. (1987)
Capobianco
Davidson
et al. (1993)and
chai andNavrotsky(1996)
ReederandWenk(1983)
Downset al. (1994)andWinter
et al.(1979)
SmithandBrown(1988)
and Henderson
Pentinghaus
(1979)andViswanathan
(1971)
et al.(1992)
Tsukimura

' Estimated errors for molar volumes are typically <0.17o. Errors for A%b are generallyunknown, but they range trom about 0.1% of molar volume
for compounds in which end-membermolar'volumes for ordered and disordered states are well known (i.e., albite), to >0.5% of molar volume for
samples in which end-membervolumes are extrapolated from intermediatestates. Consequently,errors in percent change are large, in several cases
as large as the estimated change itself.
-'For both inverse and normal spinels, LV",: Von- yd, where
%b correspondsto a spinel order parameter of x: 0.67.

|,+)

\aPl,

:Azo*.

(3)

Values for AZo* have been determined from X-ray diffraction studiesfor a number of alloys, minerals, and other materials (seeTable 1). These volumes were obtained
from differently ordered samples quenched to ambient
conditions, with the exception of the Cu-Au alloys, which
were examined as a function of temperature. In some
instances,as in the case of orthopyroxenes and carbonates, the volume differences between fully ordered and
disordered states were obtained by extrapolation from
states of intermediate order. The relationship between
molar volume and degreeof disorder is not constrained
to be linear, and few data are available to test linearity.
In the exhaustively studied caseofalkali feldspars,however, near-linear behavior is observed (Kroll and Ribbe
1987;Smith and Brown 1988).
As evident from Table l, LVdi"may be positive (i.e.,
the ordered form may be denserthan the disordered form)
or negative.A closerinspection of the materials involved
reveals three structural trends that may be used to rationalize the sign of A %i" in most of these examples.
Ordering of two metal atoms betweentwo similar
close-packedsites
The easiestAZut"behavior to rationalize involves ordering of metal atoms of different sizesbetweentwo similar sites in a close-packedstructure. Examples in Table
I include the 12-fold coordinated atoms in Cu-Au alloys

and the pairs ofoctahedrally coordinated cations such as
Mg, Fe, and Mn in olivines, orthopyroxenes,and carbonates. In these cases,AZu,.is generally small and positive.
Cu-Au alloys provide a useful example of the volume
effectsthat may accompany ordering of two similar atoms on two similar sites.All theseCu-Au alloy structures
possessa cubic close-packed(CCP) arrangementof metal
atoms, in which every Cu and Au is surrounded by 12
neighbors. Owen and Liu (1947) documented the unitcell volumes of ordered and disordered CurAu, with molar volumesat room conditions,of 3 I .5 I and 3l .64 cm3/
mol (extrapolatedfrom a partially ordered state),respectively. This changerepresentsa density increasewith orThe disordered structure (space group
dering of 0.4010.
Fm3m) has only one symmetrically distinct atom position (seeFig. lA), whereasordered CurAu adopts a primitive cubic stmcture (spacegroup Pm3m), in which Au
is locatedat the origin and Cu occupiesface-centeredsites
(Yz,Vz,O;
seeFig. lB).
The situation for CuAu is similar. Disordered CuAu
(V x 17.45 cm3/mol; Johanssonand Linde 1936), for
example, has the same Fm3m structure as disordered
CurAu (see Fig. 2A), whereasordered CuAu (I/ : 17.3
cm3lmol; JCPDS card 25-1220)featuresalternatingclosepacked layers of smaller Cu and larger Au atoms in a
tetragonal structure (spacegroup P4/mmm; seeFig. 2B).
The 0.80/odensity increasewith ordering of CuAu can be
understood in terms of the packing of spheres.In the
ordered form, thicker layers of Au atoms alternate with
thinner layers of Cu atoms. The resulting molar volume
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Frcunr 1. The structureof CurAu:(A) disorderedform, space
Frcunr 2. Thestructureof CuAu:(A) disordered
form,space
grotp Fm3m; (B) orderedform, spacegroupP4/mmm. The
grotp
(B)
grolp
Fm3m;
ordered
form,
space
Pm3m.
The fully
fully orderedform is approximately0.40lo
denserthan the fully
orderedform is approximately0.8o/o
denserthan the fully disdisorderedform.
orderedform.
is identical to the sum of the molar volumes of pure copper (CCP; V : 7.1 cm3/mol) and pure gold (CCp; Z :
by the distribution of alkali and alkaline earth cations
10.2 cm3lmol). In the disorderedphaseof CuAu, how- that commonly occupy framework cavities. Different disever, larger Au atoms are randomly interspersed with
tributions of Al and Si in a tetrahedral framework, theresmaller Cu atoms in a lessefficiently packedarrangement. fore, may result in significantly different molar volumes.
Some Cu atoms occupy sites that are larger than in pure In these structures ordered arrangementsdo not necescopper becauseof relatively long Au-Au contacts. Consarily display smaller molar volumes. Figure 3 presents
sequently, the disordered forms of these alloys have a two-dimensional analog of this situation. The areas
slightly greater molar volumes.
bounded by two 90'- and two 120"-anglesegmentsdifer
Similar reasoning may be applied to edge-sharingoc- by approximately lo/o,depending on the arrangement of
tahedral sites in biopyriboles, orthosilicates, carbonates, the four angles.
and many other rock-forming minerals. In these strucThe systematics of Atrl-" for framework aluminosilitures two or more divalent cations of similar size may cates must be considered on a case-by-casebasis. Conorder over two octahedral sites of similar size. Orthopysider, for example, the alkali feldspars (AAlSirOr; A :
roxenes,olivines, and carbonates(Table l), for example, Na, K, or Rb). The fully Al-Si-ordered Na end-member,
display slightly greater densities, typically <0.50/0,with
low albite,hasa molar volume of 99.98cm3/mol(Downs
ordering of divalent octahedral cation pairs, including Mg,
et al. 1994) in comparison with 100.45 cm3/mol for disCa, Mn, Fe, Ni, and Cd. In eachcase,segregationof each ordered high albite (Winter et al. 1979). Thus, ordered
cation into a distinct crystallographic site results in the sodium feldspar is approximately 0.50/odenser than the
most efficient packing of cation polyhedra. High-pressure disordered form. This difference may account for anecgeologicalenvironments,therefore,may favor phaseswith
dotal evidence(H.S. Yoder, personalcommunication) that
enhancedcation ordering.
although disordered albite may be synthesizedat atmoThesearguments,that ordered arrangementsprovide a spheric pressure,all albite synthesizedat high pressureis
more efficient volumetric packing of dissimilar units than ordered.
disordered arrangements,also apply to high-pressureorIn rubidium feldspar (RbAlSi3O8),on the other hand,
dered molecular crystals, including van der Waals comthe ordered form (molar volume : 112.3 cm3/mol; Penpounds and clathrates(Vos et al. 1992; Schouten 1995). tinghaus and Henderson 1979) is 0.30/oless dense than
the disordered form (molar volume : 112.0 cm3/mol;
Tehahedral site ordering in framework aluminosilicates
Viswanathan l97l). In the case of potassium feldspar
Feldsparsand other framework aluminosilicatesexhib- (KAlSi3O8),with an alkali cation intermediate in size beit a variety of Si-Al tetrahedral ordering patterns. Altween Na and Rb, ordered low microcline and disordered
though AI and Si tetrahedra differ slightly in polyhedral high sanidinehave beenreported to have almost identical
volumes, the molar volumes of framework structuresare molar volumes(108.8cm3/mol;Smith and Brown 1988).
more closely tied to the magnitude and distribution of
Examples of volume-dependent site ordering are to be
T-O-T angles than to individual tetrahedral volumes. expected in other framework aluminosilicates, such as
Average observed Si-O-Si, Al-O-Si, and Al-O-Al angles zeolitesand feldspathoids,as well as alumino-phosphates
are 145, I 38, and I 33o,respectively(Geisingeret al. I 985). and other tetrahedral framework compounds. A similar
These angles,furthermore, may be significantly affected phenomenon may occur in perovskite-type phases in
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The
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ofT-O-T
the
distribution
on
(n ital
A-OBONDDISTANCE
segments'
ofsurfacesboundedby two 90'- and two 120'-angle
Frcunr 4. The unit-celledgea for cubicspinelsis a function
for example,differ by approximatelyl0lodependingon the arofthe octahedral(Ro)and tetrahedral(Rt) bonddistances.Points
ofthe four angles.
rangement
four orderedvariantsofCorFeOo(see
A, B, C, and D represent
text).
which multiple cations occupy the corner-linked octahedral framework [e.9., Pb(Zr,Ti)Or, CarCaUO., and
CarFeTiOrr; Hazen 19881.

In this binary oxide, both Fe and Co can adopt either *2
or *3 valencestatesin the octahedral site, whereasFe2+,
Ordering involving mixed valenceor mixed coordination Fe3+, and Co3+ can adopt tetrahedral coordination.
The largest known AZ*" effects arise in struclures in O'Neill and Navrotsky (1983) documented the bond
which two cations adopt diferent valenceor coordination lengths,Ro and R.., for these spinels,as listed in Table 2
states.In the previous two examples,ordering does not and plotted in Figure 4.
From the points in Figure 4, it is evident that cubic
drastically changethe volume contributions of constituent cation polyhedra or T-O-T angles.Changesin valence cell edgea (and thus molar volume) of CoFerOodepends
or coordination, however, can significantly change the critically on the cation and valenceordering. The ordered
end-member(t4rco2+
)[r'rFe3*]Oo(point A on Fig. 4), for
volumes of structural building blocks.
Consider, for example, spinel-type oxides, which have example,has estimatedR' and Ro bond distancesof 1.96
This cubic structure and 2.025 A, respectively.The resultant molar volume is
the structural formula ralAt6lBzO+.
)
(spacegroup Fd3m) has two symmetrically distinct cat- 44.77 cm3/mol. The disordered spinel (t4rFe2+
(point B on Fig. 4), on the other hand,
ion sites:A, which is tetrahedrallycoordinatedat (h,h,Vt), [t6rFe3+Co3+]Oo
The has expectedR' and Ro bond distancesof 1.995and I .968
and B, which is octahedrallycoordinated at (t/z,t/z,t/z).
43.06
O atom also lies on the unit-cell diagonal, at(u,u,u), whete A, respectively,and the observedmolar volume is
the
ordered
than
4olo
denser
approximately
cm3/mol,
is
comalis approximately Ye.The cubic unit-cell edgea
pletely determined by the tetrahedral A-O (RJ and oc- variant. This arrangement,with both Fe3* and Co3+ in
octahedral coordination, results in the smallest possible
tahedral B-O (Ro) bond distances:
octahedral volume for this composition. Intermediate
40Rr+8\,ftR4-SR?
molar volumes are expected for other partially ordered
(4)
)
spinels of this composition, including (r41Fe3+
":-.
This variation of cubic a with R' and Ro is illustrated in
Figure 4. Note that of the two sites,the larger octahedron
(of which there are 16 per unit cell) plays a significantly
greater role than the tetrahedron (eight per unit cell) in
determining unit cell a and thus molar volume.
The order-disorder behavior of spinels is discussedat
length in a subsequentsection, but the unusual spinel
CoFerOoprovides a dramatic demonstration ofthe efects
of coordination and valence ordering on molar volume.

2, Fe-Oand Co-Obonddistancesin spinelsas a
TABLE
number(after
functionof valenceandcoordination
1983)
O'NeillandNavrotskY
lon

Fe*
Fee+
Co2*
Co3+

Octahedral,Fo (A)

2.12
2.O25
2.10
1.91

Tetrahedral,
& (A)
1.995
1.865
1.96
1.83
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and (tarQq:+
Fe3+]Oo(shown in Fig.
[t61Co2+Fe3+]O+
;[r1Fe2+
4 as points C and D, respectively).
Several other structures might be expectedto display
similar volume effectsowing to valenceand coordination
ordering. Pentlandite [(Ni,Fe)nSr],with both octahedral
and tetrahedral Ni and Fe cations, displays a AV*. x
4.5olo(Tsukimura et al. 1992). Other likely candidates
include transition-metal binary oxides in the ilmenite
(FeTiOr), ferberite (FeWO.), and perovskire (CaTiO3)
structures. High-pressure silicates with t6lSi, including
silicate perovskites (lt21Al6lBO3),
silicate garnets (ttlA3t6lB2l41Si3Or2),
and phasesrelated 1s [old,rlrlgi.Qro
(Finger
and Hazen l99l), should also display this behavior.
Effects of pressureon AZu*
Although few relevant data exist, there is no reason to
expect that ordered and disordered variants of a given
composition have identical equations of state. In most
instances, therefore, AZo* is dependent on pressure.In
the case of anorthite, for example, Hackwell and Angel
(1992) proposed that increasing Al-Si disorder leads to
an increasein anorthite compressibility (seealso review
by Angel 1994).On the other hand, Downs et al. (1994)
suggestedthat disordered high albite should be lesscompressible than ordered low albite owing to the greater
flexibility of Al-O-Si angles in comparison wirh Si-O-Si
angles.In both instances,ifordered and disordered variants have different bulk moduli, then AZ*" varies with
pressure.Additional pressure-volumedata for feldspars
are required to quantify these effects.
Factors influencing (6LVd,"/6P)rmay be identified by
considering the difference in free energy of two compositionally identical phaseswith different degreesoforder:
AG*,:

A-Edi.- ZA,Sd"+ PAVdi'

(5)

Differentiating Equation 5 in pressure at constant temperature gives

1e%\ :/e4*\ -,/aas",,\
-\arl.
\dPl.

\arl,
.

y or /r
"(/+3)

+ avdi..

(6)

This equation defines the pressure effect of disordering
on G. Combining Equations 3 and 6 yields

approaching a change in metallic character, spin state,
etc.
If energy and entropy of disorder vary with pressure,
then either of two situations may exist. The (6A.Edi"/6P)r
and the (DA^Sdt"/6P)r
terms may fortuitously cancel each
other, in which caseAZ*" remains independent of pressure[i.e.,(6AVdi"/6P)r:0]. Alternatively,(6AEo*
/6P)rand
(dASdt"/6P)u
do not cancel, and AZo,"is therefore a function of pressure.The point is that A.Eu,.,ASo,",and AZr"
cannot vary with pressurein arbitrary and independent
ways but are constrained as defined by Equation 7.
As shown in Equations 3 and 6, it is enough to know
AZo^ as a function of pressureto calculate the pressure
variation ofthe free energy ofordering at constant temperature,and therefore the ordering state.In practice, the
volume changeassociatedwith disordering is known, at
best, only at atmospheric pressurefor most systems of
interest (assummarized in Table l); no experimental data
on the variation of AZ*" with pressureexist. Consequently, the simplifying (and possibly erroneous)assumption
is usually made that AZo,"is independent of pressure.On
the basis of the above analysis,this assumption leads to
a linear variation of AG"" with pressure,as defined by
Equation 3.
Kinetics of order-disorder
It is well known that the rates of order-disorder reactions depend strongly on temperature. At atmospheric
pressure,slow rates of divalent cation exchangein silicates and spinels generally preclude equilibration on a
laboratory time scalebelow about 850 K, whereas very
rapid equilibration prevents quenching of disordered states
from above 1400-1500 K. Theserates of equilibration,
governedby difusion rates,have been studied extensively becauseof their potential applications as geospeedometers. Thus, for example, studies of ordering in Fe-Ni
alloys (Scorzelli et al. 1994) and pyroxenes (McCallister
et al. 1975; Molin et al. l99l) are usefulin documenting
the thermal histories of meteorites.Similarly, ordering in
(Na,K)AlSirO, alkali feldspars(Megaw 1974; Ribbe 1983)
and (Mg,Fe)SiO, orthopyroxene (Anovitz et al. 1988;
Saxena et al. 1989; Domeneghetti and Steffan 1992;
Skogby 1992;Tibaudino and Talarico 1992) are widely
used in documenting the cooling rates of lunar and terrestrial rocks, even though those cooling events may occur over time scales>lOs yr, whereaslaboratory experiments occur in 10-4 to l0-' yr.
By contrast, few data exist on the effectsofpressure on
the kinetics of order-disorder reactions.Pressureconfines
atoms into a smaller volume and thus affectsatomic motions, diffusion, and crystal-growth rates, which are behaviors that can be modeled with a parameter such as
the activation volume (Fratello et al. 1980a, 1980b;Lu
et al. l99la). Pressureimposesorientationalorder in H,
(Mao and Hemley 1994),C6o(Fischerand Heiney 1993),
and CHo (Prageret al. 1982). Similarly, for a given crystalline phase, intracrystalline diffusion may be expected
to become more restricted as interatomic distances de-

-./++) *"(er*):o (7)
/+\
\ar/.'\ar/,'\6p1,Equation 7 reveals that if the energy and entropy of
disordering do not depend on pressure,then neither does
the volume of disordering. Conversely, the energy and
the entropy of disordering must vary with pressureif the
volume of disordering showsa pressuredependence.This
more complex behavior is likely if the nature of the
chemical bonding changesstrongly with pressure,e.g.,on
the steeplyrising portion ofa potential energysurfaceor
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creaseat high pressure.(This behavior does not generally
result, however, in high-pressure phase transitions involving an increase in coordination number, in which
casenearest-neighbordistancesbetweensome atoms may
increase.)Given the restricted motion of atoms in a compressedphase, it is possible that high-pressureordered
states of many minerals are more slowly achieved, and
more readily quenchedonce achieved,than those at lower pressure.
In spite of this prediction, Goldsmith and Jenkins
(1985)observedthe oppositeeffectin albite,in which AlSi order-disorder reaction rates increase by orders of
magnitude between atmospheric pressureand 1.8 GPa.
They suggestedthat at higher pressuresa new diffusion
mechanism comes into play: Near the transition from
albite to jadeite plus quartz, Al experiencastransient states
of greaterthan fourfold coordination, during which Al-O
bond breaking is facilitated.
Whatever the effectsof pressure,it should be remembered that samplesrecoveredat ambient conditions from
high-pressuresynthesis experiments generally have experienced rapid temperature quenching (a few seconds)
at high pressure,followed by slow pressurerelease(minutes to hours). If the systematicsabove apply, then one
cannot expectto recover the full extent ofcation disorder
of samplesprepared above 1500 K in these studies. We
conclude that 1500 K representsan upper temperature
limit from which structural statesare quenchable.This
temperature is also reasonably representativeof mantle
conditions, under which many of the minerals discussed
reach their limits of stability. Thus, below we give some
exampleswith 1500 K as a referencetemperature, as illustrated in Figure 5.
MrNnRAr.ocrcAL EXAMPLESoF
ORDERING

AT PRESSURE

Numerous examplesof cation ordering have been documented in mineralogical systems.In the following sections we consider specific examples with regard to the
possibleinfluence of pressure.
Iron-magnesiumsilicates: General considerations
Iron-magnesium oxides and silicateshave been studied
extensivelybecauseof their importance in understanding
the Earth's deep interior. Fe2+and Mg behave as interchangeableions in many low-pressure oxides and silicates.Divalent Fe and Mg have similar ionic radii (0.78
vs. 0.72 A, respectively;Shannon 1976) and electronegativities, and both tend to adopt octahedral environments in oxidesand silicates.Thesesimilarities have three
important consequences:(l) Solid solution: Most common rock-forming minerals, including olivines, pyroxenes,micas, amphiboles,garnets,spinels,and carbonates,
display completesolid solution betweenFe2+and Mg endmembers.(2) Intercrystallinepartitioning: Coexistingpairs
of ferromagnesianminerals, such as olivine and clinopyroxene in a basalt or amphibole and mica in a granite,
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theeffectof presof I 500K. At lowertemperatures
temperature
sureon Ko is somewhatlargerfor a givenAIl-" (seeEq. l0).

commonly possesssimilar Mg/Fe, indicating no strong
tendency for these elementsto segregatefrom each other
in the low-pressureenvironment. (3) Intracrystalline partitioning: In oxides and silicateswith more than one crystallographically distinct octahedral Fe2* and Mg site of
similar size and distortion, these cations tend to be disordered.
Ordering over two sites can be expressedas a distribution coefficient,Ko:
KD: (XY:/XM)/(XY"'/XMi).

(8)

Given this definition, Ko: I for complete disorder. Most
low-pressure ferromagnesian minerals have Ko < 2,
whereasfour recent studies have suggestedthat the situation at high pressuremay be more complex.
Note that, rigorously, the equilibrium constant should
be written as an activity ratio, not a concentration ratio:
K':

(aYl/aY,)/(a{"'/afi!).

BecauseAGu,,: -RZ
can be written as

(9)

ln Ko, the pressureeffect on Ko

RI ln[K"(P,)/KD(P)] : (P, - P)LVdi".

(10)

Figure 5 shows the pressure effect in K" by plotting
KD(P)/KD(1 atm) for various values of A,Vo;"at 1500 K.
Note that in this figure and in subsequentdiscussionswe
assume Fe2+/Fe3+does not change. As noted above,
changesin Fe valencegenerallyhave a much larger effect
on molar volume than changesin Fe-Mg ordering.
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Ferromagnesianolivine
Ferromagnesianolivines, a-(Mg,Fe)rSiOo,at low pressure show little Fe-Mg ordering and generallydisplay Ko
< 1.2.Aikawa et al. (1985),however,found that pressure
enhancesFe-Mg ordering in olivines. Akamatsu et al.
( I 993) equilibrated ferromagnesianolivines at pressures
to l0 GPa and found that K" increasessignificantly with
pressure.They reported dKDldP = 0.02 GPa-' and estimated that the Ko of olivine may exceed2.0 in the Earth's
mantle. On the basisof theseexperiments,Akamatsu and
Kumazawa (1993) and Akamatsu et al. (1993) demonstrated that above 1273 K, Mg-Fe ordering equilibrates
in lessthan a hundredth ofa second.Thus, they concluded, quench experimentsfrom higher temperaturescannot
preservethe equilibrium cation distribution.
Akamatsuet al. (1993)presenteda fairly complexfiveparametermodel to account for the dependenceof Ko on
pressure,temperature, and composition, as well as nonideal mixing on Ml and M2 sites.They noted that in the
case of ferromagnesianolivine, becauseboth the deviation from random Fe-Mg distribution and the volume
changeassociatedwith order-disorderreactionsare small,
it is difrcult to constrain the AZu* from crystallographic
data alone. Using their thermodynamic model, Akamatsu et al. (1993) obtained A%i. : 0.24 cm3lmol, a value
about one-half of that cited in their earlier study (Akamatsu et al. 1988).The cation-distributionequilibrium
constant,lKo,increaseswith pressure,reachingvaluesnear
2.2 for olivines near the 400 km discontinuity in the
mantle in comparison with values of 0.9-1.2 near the
surface.The variation of Ko with pressurecontains contributions from nonideality of the solid solutionsand from
the PAV term, becausenonunity activity coefficientsmust
be used to convert the experimental (concentrationratio)
Ko to a thermodynamic (activity ratio) equilibrium constant (see,for example,Akamatsu et al. 1993).It should
be noted that fo, may play a significant role in olivine
Mg-Fe ordering (Will and Nover 1979, 1980),and these
efects have not been taken explicitly into account in the
work of Akamatsuet al. (1988,1993).
Other transition metals, especially Mn, Co, and Ni,
also substitute into olivine, and cation distributions have
been studied as a function of temperature for Ni- and
Mg-containingolivines (Rajamani et al. 1975;Ottonello
et al. 1989) and as a function of both temperature and
pressurefor Mn- and Mg-containing olivines (Akamatsrr
et al. 1988).Both ofthese systemsshow greaterorderin!
than ferromagnesianolivines, with Ni preferring Ml and
Mn preferring M2. Although the ferromagnesianand Mgand Ni-containing olivines show positive volumes of disordering, Akamatsu et al. (1988) reported a sigrificant
negative A Zu,.and pressure-induceddisordering for Mgand Mn-containing olivine (see Table l). No structural
reasons for this unusual behavior have been proposed.
Significantorderinghasalsobeenobservedin severalother
olivines, including those with Co-Mg, Ca-Mg, and FeMn (Ghoseand Wan 1974; Brown 1982),but their de-

pendenceon pressureand temperaturehas yet to be studied.
Orthopyroxene
In (Mg,Fe)rSirOu orthopyroxene Fe orders preferentially into the M2 site, which is both significantly larger
and more distorted than M l. Distribution coefficients> 50
have been reported for slowly cooled natural orthopyroxenes(Tribaudino and Talarico 1992) and for samplesannealed at temperatures near 500 "C, whereas samples
equilibrated above 1000 oC and rapidly quenched more
typically have Ko between 3 and 4 (Virgo and Hafner
1969). These large Ko values probably reflect strong differencesin the degreeof distortion of Ml and M2 sites,
with Fe2+preferring the more distorted M2 environment.
Domeneghetti et al. (1985) investigated the effects of
Fe-Mg order on the structure of three orthopyroxenes with
different Fe/(Fe + Mg): 0.180, 0.462, and 0.755. In all
three samples,increasedFe-Mg disorder (induced by heat
treatment)causedan increasein unit-cell volume. In their
sample with Fe/(Fe + Mg) : 0.462, for example, a decreasein K" from 49.2 to 7.3 is accompaniedby an increasein unit-cell volume from 851.6 to 852.8 Ar, or
0.14o/o.Ina subsequentstudy Domeneghettiet al. (1995)
performedmultiple linear-regressionanalysison composition
and structure information on >200 orthopyroxenes.For
(Mg,Fe)rSirO6orthopyroxenesthey defined unit-cell volume. Z, as a linear function in terms of the fraction of
Fe2+in Ml and M2:
V:26.20XX1 + 17.67Xy,,+ 832.74At.

(ll)

Equation I I can be used to predict unit-cell volumes
for the extreme casesof complete disorder and complete
order with all Fe in M2. For a composition of
(MgFe)SirOu,volumes for ordered and disordered samples are predictedto be 850.41 and 854.68 Ar, respectively. Thus, AV^": 4.27 43,or approximalely0.32 cm3/
mol, which suggeststhat increasedpressurefavors Fe-Mg
order in orthopyroxene. Studies by Virgo and Hafner
(1969)on samplesannealedat atmosphericpressureand
at -2 GPa, however, did not detect any significant effect
of pressureon ordering. Similarly, a synthetic orthopyroxene samplewith Fel(Fe + Mg) : 0.44, quenchedfrom
1873 K at ll GPa (Hazenet al. 1993a),has Ko : 3.9,
which is a relatively disordered value that is generally
consistentwith the low-pressureresults of Virgo and Hafner (1969).Taking this last case,
AGd,"(l I GPa) - AGu,.(l atm)
: ll x lOax 0.32:3540J.

(r2)

Assuming the samplespreserved a cation distribution
characteristicof 1500 K,
RZlnlK"(ll

GPa)/K"(l bar)l : 3540

or
K"(ll GPa)/K"(l bar) : 1.33.

(l 3 )
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Thus, a l(" of 3.9 at I I GPa would imply a K" of 2.9
at I atm, within the range of the uncertainties for the
data of Virgo and Hafner (1969) and subsequentwork.
Therefore, a fairly small pressureeffect on Ko is consistent with both the volume data and the experimental KD
determinations. The above simple illustrative argument
does not account for nonideal mixing; however, when
comparing samplesof the same composition, this efect
is minor if the changein cation distribution is small over
the range considered.
High-pressureferromagnesiansilicates
Wadsleyite, 0-(Mg,Fe)rSiOo,is a high-pressure polymorph of olivine stable above about 13 GPa. Finger et
al. (1993) describedthe crystal chemistry of a seriesof
Fe-bearing wadsleyite samples that were synthesizedat
approximatelyl5 GPa at temperatures>1973 K. These
wadsleyite crystalshave three symmetrically distinct FeMg octahedra,all of similar size and distortion, yet Fe is
significantlydepletedin M2 relative to the other two sites,
with K" x 2.7. Furlher systematic studies on the efects
of annealingand cooling rate on wadsleyiteFe-Mg order
are necessaryto characterizefully this behavior.
Hazen et al. (1992) describedsinglecrystalsof Fe-bearthat was
ing anhydrous phase B, (MgorrFeor2)rosiso2o,
synthesizedal24 GPa and 2073 K. This complex silicate
hassix crystallographicallydistinct Mg-Fe octahedralsites,
all of similar size and distortion. Nevertheless,Fe is significantly more concentratedin one of these sites (designated M3) than the other five. Typical values of Ko between M3 and other octahedrarange from 7 to 9, which
are larger than in any comparable low-pressurephase.
ObservedFe-Mg ordering in wadsleyiteand anhydrous
phaseB is especiallystriking becausethe specimenswere
synthesizedat temperatures above 1973 K and rapidly
cooled at high pressure.Such extreme annealingtemperatures usually produce relatively disordered Fe-Mg distributions in low-pressure silicates. The large Ko values
of these materials suggestthat pressurecould be a controlling factor in Fe-Mg ordering. However, the apparent
effect of pressuremay result from several mechanisms.
The most straightforward mechanism is that a large positive AZu,"enhancesorder by the thermodynamic arguments above. If these studies capture distributions on
quenching that are characteristicof 1500 K, then changing Ko by about a factor of three implies a changein free
energy of 13.7 kJlmol. If this change is induced by a
pressureof about 20 GPa, then (6AGu,"/dP)': 0.65 kJ/
GPa, or from EquationT, AV^": 0.07 J/bar:0.7 cm3/
mol. Similarly, an increaseby a factor of five would imply
a L.Vu*of about I cm3/mol (seealso Fig. 5). Such values
of AZo,",though large, are not physically impossible. Although the structures of these high-pressurephasesmay
also show large Ko values at low pressures(where the
phaseswould be metastable),there are no obvious crystal-chemical reasonsfor strong Mg-Fe partitioning. The
behavior of wadsleyiteand anhydrousphaseB thus seems
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to suggesta grcaterdifferencein the crystal-chemicalbehavior of Fe and Mg in high-pressurephasesthan in lowpressure silicates. A similar conclusion was reached by
Hazen(I993) in his study of the compressibilitiesof highpressureFe-Mg silicate sPinels.
A cautionary note is in order, becauseit is extremely
difficult to ensure equilibrium states of order in highpressuresynthesis.The wadsleyitesampleof composition
(Mg, rFeor)SiOodescribedby Finger et al' (1993),for example, is clearly a metastable product, becauseit crystallized well within the silicate spinel field. Even in the
synthesisofstable phases,reversalsare rarely attempted,
much less achieved in high-pressure experiments. Degreesof Mg-Fe order in the above examples,therefore,
are not presentedas equilibrium states.
Spinels
Oxide spinels encompassa large group of natural and
synthetic compounds of the general form ABrOo, where
A and B are tetrahedrally and octahedrally coordinated
cations, respectively.As reviewed above, the cubic spinel
structure is fully defined by one O positional parameter
and the cubic cell edge. For a fully ordered "normal"
spinel,A and B cation chargesmay be either +2 and +3,
or *4 and +2, respectively. If parenthesesare used to
designateA-site cations and brackets are used to designate B-site cations, then a normal spinel has the structural formula (A)[Br]O".
In spite of the apparent simplicity of this structural
formula, spinels display complex patterns of disorder
(Navrotskyand Kleppa 1967;Lindsley 1976;O'Neill and
Navrotsky 1983, 1984). The mineral spinel, MgAl'Oo,
was the first stoichiometric compound found to incorporate a disorderedsite (Barth and Posnjak 1931).The
cation distribution has been found to vary from normal
to about 300/oinverse (Navrotsky and Kleppa 1967;
Schmockerand Waldner 1976;Wood et al. 1986;Peterson et al. 1991),dependingon temperature'
In MgAlrOo and many other spinels, the range 8001400 K is accessiblefor equilibration and quenching experiments on cation distribution. A review of thermodynamic models for the temperature dependenceof cation
distribution is given by Navrotsky (1994). The most disordered state for a spinel is the random cation distribution (Ar,Bu,)[Ar,Br], which both normal and inverse
spinelstend to approach at high temperature.For spinels
of the 2-3 chargetype (e.g.,MgAlrO., MgFerOo)'the inverse distribution generally has a smaller volume than
the normal (seeTable 1). Thus, 2-3 spinels tend to become more inverse with increasing pressureat constant
temperature. Spinels that tend toward normal (e.g.,
MgAlrOo) at low temperature would become more disordered with increasingpressure,whereasthose that approach the inverse distribution (e.g., MgFe'Oo) at low
temperaturewould becomemore ordered with increasing
pfessure.
For spinels of the 2-4 chatge type (e.g., Mg'TiOo,
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,y-MgrSiOo),the situation is less clear. Both O'Neill and
Navrotsky (1983) and Hazen et al. (1993b) suggesteda
small positive volume of disordering for the normal spinel MgrSiOr. The effect of temperature probably outweighs that of pressure,and a small degreeof disorder
(about 40lo)has been suggestedfor Mg, SiOo spinel
quenchedfrom 20 GPa and 1673K but not for Fe-bearing silicatespinels(Hazenet al. 1993b).
In spinels containing two or more cations of variable
valence (e.g., in the case of CorFeOo discussedabove),
considerablevolume differenceshave beenpredictedfrom
ionic radius arguments(O'Neill and Navrotsky 1983) for
different distributions of elementsand chargesamong octahedral and tetrahedral sites. Thus, the site occupancies
and charge distributions may change significantly with
pressure,with the densest forms being favored at high
pressure.

and Major l97l; Fujino er al. 1986),Ca,(CaGe)Ge,O,,
(Ringwood and Major 1967; Prewitt and Sleight 1969),
and Mgr(MgSi)Si3O,,(Smith and Mason 1970;Angel et
al. 1989)have been synthesized.Thesegarnetsgenerally
have tetragonal symmetry, and the divalent and tetravalent ions are ordered on two symmetrically distinct octahedral sites.Such ordering may be more a consequence
of size and chargethan of pressure,as borne out by the
existence of tetragonal ordered garnets at atmospheric
pressure for compositions Yr(AlY)Al3Or, [AG)
and
Yr(FeY)FerO,,(YIG), with Y and Al or Fe3+,which are
trivalent cations ofquite different size,sharingoctahedral
sites.Nevertheless,for silicate and germanategarnets,the
salient points are that pressure stabilizes garnets with
mixed octahedral occupanciesand that these high-pressure phasesare ordered.
Hazen et al. (199Q characterized single crystals of a
garnet with composition (CaourMgr.r,)(MgSi)SirO,,synHigh-pressure garnets
thesizedat 18.2 GPa and 2323 K. This sampleis the first
Materials that changesymmetry upon ordering can be silicate garnet to display ordering on both octahedraland
more complex than the examples considered above. A dodecahedralsites. This behavior may increasegarnet's
first-order phasetransition may be involved, or a change compositional flexibility, affect element partitioning at
from second- to first-order behavior (a tricritical point) high pressure, and stabilize the garnet structure in the
may occur as a function of temperature, pressure,com- transition zone and upper portion of the lower mantle.
position, and ordering state. Symmetry rules dictate Ca is concentrated in the D2 site, which has a refined
whether a transition can be higher order; however, a tran- c o m p o s i t i o n o f C a o r r M g o u r , i n c o m p a r i s o n w i t h
sition that is allowed by symmetry to be secondorder can CaoorMgo' for Dl. Thesesite compositionsmay be exbe first order. In many cases,the detailed nature of the pressedas a distribution coefficient:
transition is poorly understood at atmospheric pressure
and totally unknown at high pressure.Nevertheless,sevKD: (XU/XV|)/(XU/XD;E): 5.4.
(14)
eral relevant, mostly qualitative, observationshave been
made. The important casesof alkali feldsparsand Cu-Au
The reason for this unexpected degree of Ca-Mg oralloys have been describedpreviously, and additional ex- dering in calcic majorite garnet is not obvious. The two
amples are summarized below.
dodecahedralsitesare not appreciably ditrerent in size or
The garnet structure, first identified in common rock- distortion. One possibly significantdifferencebetweenDl
forming silicates,has been synthesizedin a wide range of and D2 is the distribution of second-nearest-neighbor
oxides and fluorides that incorporate at least 50 elements. cations.DistancesbetweenadjacentD1 sitesand between
This compositional flexibility has led to a wide rangeof ap- Dl and D2 are relatively short: approximately 3.5 A.
plications for gamet, including abrasives,lasers,waveguide Distances between closest D2 sites, on the other hand,
componentsfor microwave communications,low-con- are more than 5.7 A. Ordering of larger Ca atoms onto
ductivity magneticbubble-domain devices,and semipre- D2 minimizes Ca-Ca repulsion, which may in turn incious colored gemstones.Silicategarnets,furthermore, are creaseAZor".Whether the observedordering is charactera major rock-forming mineral, and they may account for istic of synthesis temperature or of an effective quench
as much as one-half of the volume of the Earth's transi- some 1000 K lower, is not known.
tion zone between about 500 and 670 km in depth (Ita
Perovskite-typecompounds
and Stixrudel99l).
pressure
At crustal
most natural garnets have cubic
Perovskitesinclude a wide range of compounds of the
symmetry with the generalformula A3+Bt*Si3Orr,where general formula ABXr-a flexible structure that can ineightfold coordinated A is usually Mg, Fe, Mn, or Ca, corporate more than 70 elements (Hazen 1988). Perovand sixfold coordinated B is Al, Fe, or Cr. In spite of skites display a remarkable variety of properties, includtheir compositional complexity, low-pressure garnets ing a full rangefrom insulator to metal-type conductivity,
usually display complete disorder on A and B sites. It is ferroelectric effects, superionic conduction, and supernoteworthy, however, that in these garnets all the sub- conductivity. Furthermore, perovskitesof the generalforstituents on A sites are divalent, all those on B sites are mula (Mg,Fe)SiOr, are now thought to be the dominant
trivalent, and the ions on each site are similar in size.
mineral in the Earth's deep mantle and thus possibly our
At high-pressure,the substitution 2M3+ : M2+ + Si4+ planet'smost abundantmineral (Liu 1975).
(or Gea+) occurs on the octahedral site, and garnetssuch
Ideal perovskiteshave cubic symmetry, with a corneras Mnr(MnSi)Si3O,,(equivalentto MnSiOr; Ringwood linked array of octahedrally coordinated B cations that
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define large l2-fold coordinated A sites. Many variants
ofthe ideal structure involve tilting ofthe octahedral array and consequent lowering of symmetry. The perovskite form of MgSiOr, for example, has orthorhombic
symmetry with distorted, ninefold-coordinated A sites
(Yagi et al. 1978;Rossand Hazen 1990).
Most perovskites formed at low pressuredisplay complete disorder among cations on A sites and B sites. In
the caseof two very different B cations, such as Ca and
U in Car(CaU)Ou, ordering of B cations has been well
documented(Rietveld 1966).Variable degreesof ordering of B sitesare also observedin ferroelectricperovskites
suchas Pb(Fe"Nb,)Or, Pb(Znu,Nb)Or, Pb(Fe"W)Or, and
Pb(Yb"Nb")O, (Drazic et al. 1993; Bokov et al. 1993).
Both ordered and disordered forms of Pb(Ybo,rNbo')O,
perovskite occur (Wang and Schultz 1990). The powder
patterns are consistentwith very similar molar volumes,
but lattice parameterswere not given. Additional insight
was provided by Burton and Cohen (1994, 1995),who
usedthe nonempirical potential-induced-breathingmethod to calculatesignificant differencesin structural parameters and total energy for ten B-site ordered variants of
perovskite-typePb(Sco,Tao,)Or.
They estimatedLVur"*
0.lolofor this phase.
Under most circumstancesordering of the larger A cations in perovskite would not be expected.Leinenweber
peand Parise(1995),however,produceda high-pressure
rovskite, CaFeTirOu, that displays complex ordering of
A-site cations Ca and Fe. This ordering results in three
symmetrically diferent A sites and a reduction of topological symmetry from cubic to tetragonal. This highpressureordered phasethus parallels the behavior ofthe
Ca-bearing majorite garnet described above. Leinenweber et al. (1995) also producedan orderedhigh-pressure
perovskitewith compositionCaFerTioO,r,a cubic perovskite in which Ca and Fe are fully ordered into two symmetrically distinct sites. Another example of A-site ordering is in perovskitesKLaTirO6, NaLaTirO., NaYTirOu,
NaBiTirOu, and LiLaTirOu, prepared at atmospheric
pressure(Kaleveld et al. 1973). Thus, a large difference
in size or chargeof both A-site cations and B-site cations
can favor ordered structures.The volume differencesbetween ordered and disordered structures are not known,
and more work is warranted.
Most high-temperature cuprate superconductorshave
perovskite-relatedstructureswith fewer than three O atoms per two cations (for a review, see Hazen 1990). In
many of thesecompounds, such as YBarCurO.*u and the
O atoms and O vacancies
seriesTlrBarCa,*rCrJnOrn*o*r,
occur on perovskite-like anion sites.Theseo atoms may
display differing degreesof order. This behavior may significantly affect the superconductingtransition temperature, Z". Crystal symmetry may change (e.g., tetragonal
or orthorhombic) as a function of O content. In one such
instance, Sieburger and Schilling (1991) documented a
strong dependenceof T" for TlrBarCuO.*, as a function
of synthesispressure.They attributed this phenomenon
to pressure-inducedordering of excessO (Takahashi et
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al. 1993).Thus, it appearsthat pressuremay induceboth
cation and anion ordering in the perovskite structure.
Rhombohedralcarbonates
Carbonates, the most abundant crustal nonsilicates,
display significant volume-dependent cation ordering.
Calcite, CaCOr, has a structure that featuresplanar COt
goups and a single sixfold-coordinated Ca site. Dolomite, CaMg(COr)r, has a structure that is topologically
identical to that of calcite but with an ordering of Mg and
Ca into two symmetrically distinct sites. This ordering
reducesthe spacegroup symmetry from R3c to R3 (Reeder
l 983).
Although virtually all natural dolomites have close to
complete Mg-Ca order, Reeder and Wenk (1983) succeeded in partially disordering a dolomite by rapid
quenching from high temperature (at pressuressufficient
to prevent calcination). They observed a small but significant increase in the c unit-cell edge with increased
disorderand estimateda 0.15 cm3lmol (-0.2o/o)volume
changefor a (hypothetical) fully disorderedend-member.
Pressure, therefore, slightly favors the ordered form,
though the effect is small.
Davidson et al. (1993),by contrast,proposedthat disorderedCaFe(COr),has the smaller unit-cell volume, with
volume of disorderingof about -0.3 cm3/mol,and they
thus concluded that "increasing pressure stabilizes the
disorderedphase." A negativevolume of disordering was
also reported for CaFe(CO3),by Chai and Navrotsky
(L996). These authors suggestedthat the enthalpy ofdisordering of CaMg(COr), is in the rangeof 20-30 kJ/mol,
whereasthat of CaFe(COr), is about l0 kJ/mol.
Structural and calorimetric studies of order-disorder in
CdMg(COr), (Capobiancoet al. 1987)are particularly significant, becausethey have led to the synthesisof samples
with a complete range from fully ordered to fully disordered Cd-Mg distributions. A sample annealedat 873 K
and 0.1 GPa has complete Cd-Mg order, whereas one
annealedat 1073 K and 1.5 GPa is almost fully disordered. The volume increaseof disordering is quite small
(A%* = 0.03 cm3/mol).Thus, pressurewould have only
a minor effect on stabilizing the ordered state.
Peacoret al. (1987) compared two kutnahorite samples
near CaMn(COr), in composition. One from Bold Knob,
North Carolina, had an essentiallydisordered cation distribution, whereasthe other from Sterling Hill, New Jersey, had a partially ordered cation distribution. Compositional differencesbetween these two samples preclude
direct comparison of their molar volumes to determine
Dtr/.,".Nevertheless,becauseboth extremesexist in nature,
kutnahorite may provide an excellent candidate for further investigation of pressure-inducedordering in rhombohedral carbonates.
FurunB sruDrEs
The experimental studiesand thermochemical systematics outlined above demonstrate that pressure plays a
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significantrole in the order-disorder behavior ofa variety
of materials. Much additional researchis needed, however, to document this phenomenon. Four types of studies- high-pressuresynthesis,controlled ordering experiments, comparative compressibility measurements,and
theoretical modeling-would enhanceour understanding
of pressure-inducedordering.
High-pressuresynthesisand characterizationof
ordered states
For compounds with significant AZo,",is molar volume
a linear function of the degreeof order?What is the pressure dependenceofthe degreeoforder? Our understanding of pressure-inducedordering is severely limited by
the lack of appropriate samples. Although numerous
minerals and synthetic compounds display varying degreesof order, it is difficult to find two compositionally
identical sampleswith markedly different ordered states.
The most basic experimentsrequired to understandpressure-induced ordering, therefore, are systematic highpressure synthesis and characterization of samples displaying varying degreesof ordering.
Table I reveals several phases for which a range of
ordered statesare available. Additional investigations of
olivine, orthopyroxene,spinels,and feldsparsare needed,
whereascontrolled synthesis studies of pseudobrookitetype MgTirO, and kutnahorite [CaMn(COr)r] hold the
promise of providing complete suites of ordered intermediates.
Of specialinterest to the field of mineral physicswould
be synthesisat several pressures(and the same temperature) of samples of ferromagnesiansilicates, including
the minerals wadsleyite, anhydrous phase B, and orthopyroxenedescribedabove. Multi-anvil devices,which can
produceas much as 0.5 mmr of sampleat 25 GPa, provide an ideal technique for these syntheses.X-ray analysis, Mdssbauerspectroscopy,infrared spectroscopy,and
other structural probes of the resulting samples would
reveal the extent ofcation ordering and the corresponding
molar volumes, thus providing information on A Zu,.as
well. Synthetic specimenscould also be examined by vibrational spectroscopyor calorimetry to determine the
effect of ordering on heat capacities and to measure directly the energy of disordering. A suite of compositionally identical samples,which differ only in the pressure
of synthesisand degree of Fe-Mg ordering, would thus
provide unambiguous evidence for the effect ofpressure
on order. In such a series,control and characterizationof
oxidation state (ideally all Fe as Fe2+) would also be important. The temperature chosenshould be one at which
cation distributions can be equilibrated in about an hour
but are quenchablewhen a sample is cooled in seconds,
i.e., probably in the range 1073-l173 K or below.
Intracrystalline cation diffusion at high pressure
How quickly do cation distributions equilibrate at high
temperature and high pressure?Is it possible to quench
statesof order from extreme conditions? Does pressure

dramatically affect cation mobility and thus the rate of
order-disorder reactions?Studiesof pressure-inducedordering can provide answersto these kinetic questions.
As noted above, increased pressure tends to confine
atoms and restrict their motions, except in unusual circumstancessuch as proposed by Goldsmith and Jenkins
(1985) for albite. Thus, it is possiblethat high-pressure
ordered statesare more slowly achieved,and more readily quenched,than those at lower pressure.(Note that experimental protocol in multi-anvil experiments is to reduce temperature while the sample is at pressure.) If
pressure tends to increase cation order, then samples
quenched while at higher pressureare more likely to retain their equilibrium ordered state than those quenched
from the same temperature while at lower pressure.
Until accuratein situ measurementsof ordering can be
made, theseeffectscan be quantified by studying the cation distribution in a material such as ferromagnesianorthopyroxene, in which the state of order is a sensitive
function of temperature (Virgo and Hafner 1969; Yang
and Ghose 1994).Severalexperimentswould equilibrate
both ordered and disordered samples of the same composition, thus attempting to achieve equilibrium convergence,at a seriesof pressuresand temperatures.In addition, these samples could be quenched at different
cooling rates. All samplesquenched rapidly from above
a certain critical temperature (perhaps - 1500 K) should
presumably display identical degreesof disorder. Samples quenchedfrom lower temperaturesor at slowerrates,
however, should produce different degreesoforder. Documentation of these ordered states can thus be used to
determine minimum rates of intracrystalline cation diffusion, as well as equilibrium ordered states.A seriesof
such studies at different pressures,furthermore, could
constrain the effect ofpressure on cation diffusion.
Comparative compressibilitiesof ordered states
If a suite of crystals with varying degreesof order can
be obtained, relative compressibilities of these different
structural statescould be determined by the method of
Hazen (1993). In this technique, several crystals are arrangedin the samediamond-anvil-cell mount and probed
by X-ray diffraction. Small differencesin compressibility
can be detected becauseall crystals are at the same
pressure.These differencesin compressibilities can provide a direct measurement (or place an upper limit) on
6AVdi"/6P.
First-principles calculations
Experimental studies are complemented by first-principleg calculations of the structure and energeticsof different orderedstates(see,e.g.,Ducastelle1991;Lu et al.
l99lb). These calculations may enhance understanding
ofthe relative stabilities ofordered and disordered states
and of statesthat are not attainable experimentally. Firstprinciples methods also facilitate modeling of the properties of known materials at extreme conditions of temperature and pressure. Most previous theoretical work
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has focusedon ordering in alloy systems(see,e.g.,Zunger
et al. 1988),but investigationsof perovskite-typecompoundsby Burton and Cohen (1994, 1995)demonstrate
the applicability of these methods to mineralogical systems and support the proposition that high pressureoften
stabilizesordered statesrelative to disordered states.
Coxcr.usroNs
Pressureplays a central role in the structure and energetics of materials in the Earth's deep interior, and it
provides a powerful means of probing atomic interactions in solids. In a recurrent historical pattern, however,
studies of phenomena at high pressure,which are often
technically more difficult, usually follow detailed hightemperatureinvestigations. The high-temperaturedecarbonation of limestone, for example, was well known to
eighteenth-centuryneptunists, who used room-pressure
data in their attempts to disprove the igneous origin of
basalt in contact with limestone. Later, Sir James Hall
demonstrated that pressure stabilizes carbonate at high
temperature and thus supported the plutonist position
(Hall, 1806).Almost two centurieslater, data on mineral
and rock melting, rock mechanical properties, crystal
structures, phase transitions, and many other mineral
properties are often obtained at high temperatureslong
before high-pressurestudies commence.
The situation is similar for order-disorder phenomena,
which have long been viewed as a key to understanding
the thermal history of rocks. Detailed studies of the effects of temperature and composition on ordering have
been conducted for most rock-forming minerals and for
many metal alloys and other synthetic compounds.Thermochemical models and kinetic parameters have been
derived and are routinely used to estimate maximum
temperatures,cooling rates, and chemical environments
of igneous and metamorphic deposits, as well as meteorites. As we attempt to understand the presentstate and
dynamic behavior of our planet, the effects of pressure
on order-disorder phenomenadeservecloser scrutiny.
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