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AssrRAcr
Singlecrystalsof Ca-bearingmajorite, a garnetwith composition(Ca"onMgr'')(MgSi)Si.O,r,
have been synthesizedat 18.2 GPa and 2050 "C. This sample is the first silicate garnet to
display ordering on both octahedral and dodecahedralsites-behavior that may increase
the compositional flexibility of garnet, affect element partitioning at high pressure,and
stabilize the garnet structure in the transition zone and upper portion of the lower mantle.
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INrnooucnoN
The garnet structure, first identified in common rockforming silicates,has been synthesizedin a wide rangeof
oxides and fluorides that incorporate at least 50 elements.
The compositional flexibility of garnet has led to a wide
range of applications, including grit for abrasive paper
and cloth, crystals for lasers,wave-guidecomponents for
microwave communications, low-conductivity magnetic
bubble domain devices,and semipreciouscolored gemstones. Silicate garnets, furthermore, are a major rockforming mineral and may account for as much as half of
the volume of the Earth's transition zone between about
500 and 670 km in depth (Ita and Stixrude,l99l). In this
study we describea new, unanticipated ordering behavior
of cations in silicate garnet-behavior that has implications for both geophysicalmodeling and materials science
applications.
At crustal pressure,most garnetshave cubic symmetry
where eightfoldwith the generalformula A3+Bt+Si3Orr,
coordinated A is usually Mg, Fe, Mn, or Ca and sixfoldcoordinated B is Al, Fe, or Cr. Silicategarnetssynthesized
at high pressure commonly incorporate tulSi, as in
Mn.(MnSi)Si.O,, (equivalentto MnSiO,), which has tetragonal symmetry becauseof the ordering of Mn and Si
on octahedral sites (Ringwood and Major, 1967; Prewitt
and Sleight, 1969). Garnets from the Coorara meteorite
with more than three Si atoms per 12 O atoms were subsequentlydescribedby Smith and Mason (1970), who
named the new mineral majorite. End-memberMgSiO.
by Kato and Kumazawa(1985),
majorite was synthesized
and singlecrystalsof MnSiO, (Fujino et al., 1986) and
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MgSiO. (Angelet al., 1989)provided samplesfor detailed
structure investigation.
Studiesof mantle mineralshave emphasizedthe dominant roles of the oxides of Si and Mg and to a lesser
extent Fe-components that together may account for as
much as 94 molo/oof the mantle (Ringwood,1975;Basaltic Volcanism Study Project, l98l). The role of calcium oxide, which representsperhaps 3 molo/oof the mantle's mass, might seem to be relatively unimportant in
the mineral content of the Earth's deep interior. From a
crystal chemical perspective,however, Ca may play an
influential role in high-pressuresilicates.The Ca2* cation
is significantly larger than other common divalent cations
proposed to exist in the mantle. In eightfold coordination, for example,the radiusof Ca is | .12 A, whereasthe
radii of Fe and Mg are 0.92 and 0.89 A, respectively
(Shannon,1976).The presenceof significantCa, therefore, might lead to new structures or help to stabilize
structureslike garnet with appropriately largecation sites.
With this situation in mind, a number of researchers
have investigatedthe system CaO-SiO'. Their studiesrevealed transitions to new Ca-bearing phases,including
perovskite-likeCaSiOr,titanite-type CaSirO', and K'NiFotype CarSiOo(Fingerand Hazen, l99l). The behavior of
binary systemsand end-member compositions, however,
is not necessarilyapplicable to more complex systems.In
this context,studiesof phaseequilibria in the systemCaOMgO-AlrO.-SiO, at transition zone conditions are of special interest (Gasparik, 1989, 1990). At intermediate
compositions, a wide range of pyroxene and gamet compositions, including those with turSi,are stabilized (Angel
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et al., 1988, 1989).Thesecomplex silicatephasesare not
only relevant to the multielement environment of the
Earth's deep interior, but they also have implications for
the crystal chemistry of synthetic analogues.

Intensities were conected for Lorentz and polarization
effects and reduced to structure factors. No correction
was made forcrystal absorption(1t1: 14.3cm '). Systematic extinctions are consistentwith spacegroup 14,/a, as
previouslyreportedfor majorite (Angelet al., t 989). ReExptnrnanxtAr
METHoDS
flections were averagedaccordingto Laue group 4/m (R,,,
The sample, heatedfor 4 h to a maximum temperature : 0.050), which yielded 195 symmetricallydistinct obof 2050'C at 18.2 GPa in the USSA-2000split-sphere servations (I > 3o).
anvil apparatus,produced numerous colorlesscrystalsup
Rrsur-rs AND DrscussroN
to 100 prm diameter, as describedby Gasparik (1990:
expt. no. SUNY 868). kss calcic majorite and CaSiO,
We initiated the crystal structure refinement with paperovskiteformed at the coolerend of the sampleassem- rametersreportedby Angel et al. (1989) for the Mg endbly, estimated to have reached a temperature no higher member, MgSiO.. In addition to the scalefactor and 25
than 1850 "C. Our work focusedon crystals from the variable atomic coordinates, we refined one occupancy
hotter end of the sampleassembly.
parameterfor Ca and Mg in Dl andD2, assuminga total
X-ray diffraction and electron microprobe study of the compositionof Cao.onMg,
,, . We also refineda I I 10] twin
sample revealedboth garnet and subcalcicdiopside crys- fraction and five isotropic displacementfactors(Dl, D2,
tals in the experimental products of the sample assem- and one each of the other three site types, T, Oct, and
bly's hotter end. More than a dozenCa-bearingmajorite O), for a total of 33 refined parameters. Initial refinecrystals were mounted for X-ray study, but most dis- ments also included a parameter for Mg and Si ordering
played multiple and smeared reflections. Only one crys- on Octl and Oct2, but preliminary resultsindicatedcomtal, an elongatedshard approximately30 and 70 pm in plete Mg-Si order, and this parameter was omitted from
minimum and maximum dimensions, respectively, later refinements. Refinements were performed with
proved suitable for X-ray diffraction study. Electron mi- RFINE90, a versionof RFINE4 (FingerandPrince,1975).
croprobe analysis revealed an average composition of Refinementconvergedto a weightedR of 0.057 and un(CaoorMgrr,)(MgSi)SirO,r,
slightly more calcic than the weightedR of0.066 for 195 observations.The goodness
averagecompositionof (Caoo,Mgr rr)(MgSi)SirO,
2 report- of fit for the convergedrefinementis 1.39.Calculatedand
ed by Gasparik (1990). A high-resolutionmultielement observedstructure factors are available from the authors.
map of a portion of this crystal 20 x 20 pm revealed a
Refined positional and displacement parameters apgenerally uniform composition, but small areas display pear in Table l, and unit-cell parameters,selectedinterreduced Ca/Mg, correspondingto Ca contents as low as atomic distances,and bridging-O anglesappear in Table
about (CaorMg,u)(MgSi)SirO,r.Such compositionalhet- 2. Ca-bearingmajorite has a calculateddensity of 3.516
erogeneitymust contribute to the generallybroad diffrac- g,/cm3for a compositionof (CaoonMg,,,)(MgSi)Si.O,r.
tion maxima observedfor this sample.
Silicate garnets may be described in terms of a relaIntensity data were collected on a Rigaku AFC-5 four- tively rigid three-dimensional, corner-linked framework
circle diffractometer equipped with a rotating-anodegen- of silicate tetrahedra and octahedra (Fig. l). This frameeratoroperatedat 45 kV and 180 mA. We usedgraphite- work def,neseightfold-coordinatedsitesthat are occupied
monochromatizedMoKa radiation (I : 0.7093 A) to by divalent cations. Tetragonal gamets have three symmeasurea hemisphereof data to (sin d)/I :0.71. A total metry-independentSiOotetrahedra,all of which are nearof 48 l4 symmetry-allowed diffraction peaks were mea- ly regular, with typical orthosilicate mean T-O distances
sured by @step scans.Diffraction maxima were uniform- closeto 1.64A.
ly weak and broad, and < l0o/oof the peakswith 20 values
Octahedral Mg and Si order in the two symmetrically
above 40'were observed.
distinct octahedral sites, which are close to regular. This
Most observed peaks were doublets, perhaps due to inflexible framework displays uniform bridging Oct-O-Si
multiple crystals in close alignment. Doubling was not angles in all three specimens.The mean Octl-O and
observed in 0-20 scans,indicating that peak splitting is Oct2-O distances,2.012 and | .754 A, are typical of those
not a consequenceofpseudomerohedral twinning about found in MgO, and SiOu octahedra, respectively. The
I I l], as observedin majorite (Wang et al., 1993).The Oct2-Odistancesin MgSiO,and MnSiO, (1.807and 1.795
other known twinning in majorite, rotation about Il l0], A, respectively), however, are significantly longer than
is merohedraland doesnot result in split reflections(Hatch end-member Si-O octahedraldistances.Furthermore, reand Ghose, 1989).One member of each split diffraction fined octahedral occupanciesfor both end-member
peak (presumably the component from the main crystal) MnSiO. and MgSiO, garnetsindicate upto 20o/odisorder.
was always well centered.Peakswere integratedby fitting The reasonsfor these differencesin degreeofoctahedral
step-scandata to multiple Gaussian functions; only the order are not obvious. The MgSiO, (Angel et al., 1989)
central peak was retained. Peaksthat appearedto be sin- and MnSiO, (Fujino et al., 1986) sampleswere synthegle but significantly exceededthe expected peak width sized at lower temperatures(1700 and 1500 oC, respec(implying an unresolved doublet) were rejected during tively) and for shorter experimentdurations (<30 min)
this procedure, which yielded 801 observed reflections. than Ca-bearingmajorite (2050 'C for 4 h), so the latter
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TABLE1, Positionaland displacementparametersfrom the refinementof Ca-bearingmajorite
Site-

Occupancy

D1"

0.917(36)
0.083
o.677
0.323

D2*
Octl
Oct2
T1
T2
T3
o1
02
o3
o4
o5
o6

Mg
Ca
Mg
Ca
Mg
Si
Si

B (41
0.126s(11)
0
0
0
0
0
0.1259(9)
0.0251(18)
0.0420(17)
(171
o.2212
0.2172(18)
-0.0530(16)
-0.1024(17)

DI
DI

o
o

o
o
o

(13)
0.0137
V4

o.2s76(12)

0.83(28)

0.6258(22)

2.20(39)

0
0

t/2

V4
'/4

7s

0.0072(11)
0.0524(17)
-0.0462(16)
0.1100(17)
-0.0839(18)
(17)
0.1585
(18)
0.2141

0

,A

0.7575(10)
0.6666(19)
0.8635(19)
0-7934(16)
0.7026(18)
0.4697(1s)
0.784209)

0.44(s)
0.44
0.59(1s)
0.59
0.59
0.6104)
0.61
0.61
0.61
0.61
0.61

. The origin of atomic coordinatesis shifted by 72,0,0relativeto the standard origin at the Wyckoff position 8c, to conform with previousdescriptions
of cubic garnets.
-'The total occupanciesof each of these two sites are constrained to unity, with the total composition constrainedto Cao4sMg,s5.

D2 site, which has a refined compositionof Cao,rMgour,
for Dl. Thesesite composicomparedwith CaoorMgo9,
tions may be expressedas a distribution coefficient: Ko:
(XCao,/ XMg,r) / (XCao,/ XMl9o,) : 5.4. This distribution
coefficient is unusually large for a silicate quenchedfrom
high temperature: completely disordered sites have K, :
1, whereasmost crustal silicatesquenchedfrom high temperature
have K, < 2, especiallyfor largecation sitesthat
Trau 2. Unit-cellparametersand selecteddistances(A) and
edges
and thus would seem to disorder easily (Hashare
angles(")
zen et al., 1993). Furthermore, thesetwo dodecahedral
11.s816(9)
a (A)
sitesare not appreciablydifferentin size,which is a con(A)
11.s288(13)

specimen might be expected to display more, not less,
disorder.
The nearly complete octahedralordering in Ca-bearing
majorite may, in part, be coupled with the unanticipated
ordering of Ca and Mg on the two symmetrically distinct
dodecahedralsites,Dl andD2. Ca is concentratedin the

c
cla
v(A")
D1-O1
D1-O2
D1-O3
D1-O3',
D1-O4
D1-O4'
D1-O5
Dl-06
M e a nD 1 - O
D2-O1l2l
D2-o2l2l
D2-O5I2l
D2-O6[2]
Mean D2-O
Octl-O1[2]
Octl-O4[2]
Octl-O5[2]
Mean Octl-O
Oct2-O2l2l
Oct2-O3[2]
Oct2-O4[2]
Mean Octl-O
r1-o5[4]
r2-06[4]
T3-O1
T3-O2
T3-O3
T3-O4
Mean T3-O
Octl-O1-T3
Oct2-O2-T3
Oct2-O3-T3
Octl-O4-T3
Octl-O5-T1
Oct2-O6-T2
Mean Oct-O-T

0.9954
(3)
1546.4
2.105(251
2.429(241
2.309(25)
2.522(22l.
2.084(2s)
2.30s(24)
2.'t78(24)
2.696(2s)
2.329
2.354(20)
2.414(181
2.177(30)
2.2't7(30)
2.291
2.O3s(221
2.035(22)
1.967(20)
2.O12
1.731(221
1.730(20)
1.802(20)
1.754
1.640(21)
1.636(20)
1 655(22)
1.679(22)
1.676(23)
1.623(23)
1.658
127.2(13)
13s.2(12)
136.2(13)
129.1(13)
127.2(11)
14O2 (131
132.5

Fig. 1. The structureoftetragonal Ca-bearingmajorite (shown
with one a axis vertical and the c axis to the left and diagonally
out from the page) featuresa cornerlinked framework of SiO.
tetrahedra, SiOuoctahedra(smaller), and MgOu octahedra(larger), representedhere as polyhedra. This framework defines two
symmetrically distinct dodecahedralcation sites(spheres),which
contain Ca and Mg. Ca concentratesin the D2 site, which is
representedby the larger spheres.
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trolling factor in cation ordering in some minerals. One
possiblysignificantdifferencebetweenDl and D2 is the
distribution of second-nearest
neighborcations (Fig. l).
DistancesbetweenadjacentDl sitesand betweenDl and
D2 are relatively short-approximately 3.5 A. Distances
betweenclosestD2 sites,on the other hand, are >5.7 A.
Ordering of Ca onto D2 minimizes Ca-Ca interactions,
which may be significant at the high pressureand temperatureof Ca-bearingmajorite synthesis.
This study reveals the surprising structural complexity
of tetragonal garnets.Of its seven symmetrically distinct
cation sites, only the three Si tetrahedra display similar
crystal chemical behavior. Cation distributions in the two
octahedra and two dodecahedrademonstrate that these
four sites behave differently and thus may incorporate a
wide variety of major and minor elements.In geological
environments,thesedistinct sites may provide mechanisms for element partitioning. Furthermore, the presence of extensivegarnet solid solutionsmay expand its
stability into pressureand temperature rangesof the upper portion of the lower mantle (O'Neill and Jeanloz,
1994).Chemicalanalysesof mantle-derivedgarnetswith
more than three Si atoms per l2 O atoms underscorethe
chemical complexity of these high-pressureminerals
(Moore and Gurney, 1985; Haggertyand Sautter,1990).
Garnet specimenJX-25 of Haggerty and Sautter, for example, has clinopyroxeneexsolutionlamellaein a garnet
host, suggestingan original homogeneouscomposition of
approximately (NaoorCao,rMnoorFeoruMg,,r)(M& ,nAl,orCroorSio
r.Tioor)SirOrr.Garnet compositionalcomplexity
is further demonstratedby Gasparik's(1992)synthesisof
compositionsapproximating (NaMgr)(AlSi)Si,O,,,
Mgr(MgosAlsio5)SirO,,, and (Na,Mg)Si,SirO,r.Highpressuregarnets are thus able to incorporate cations of
valencel+,2+,3+, and 4+ and cationsofa wide range
of size and electronic structure. Synthetic tetragonal garnets,though little explored,may display similar compositional complexities,as well as cation ordering-behavior that might enhancemagnetic or optical properties.
This study on garnets underscoresa growing recognition that high-pressuresilicates, even those synthesized
at temperaturesnear 2000'C, display a marked tendency
for cation ordering (Aikawa et al., 1985; Finger et al.,
1993). Most mantle silicateshave ordering systematics
not expectedfor low-pressurephases.In the caseof majorite-type garnets,the tendency to order octahedral and
dodecahedralcations appearsto be a driving force behind
the reduction of symmetry from the more typical cubic
garnet symmetry. If so, then a similar, as yet unrecognized, symmetry breaking might occur in high-pressure
silicate perovskites of an intermediate composition, such
as CaMgSirOu.
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