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ABSTRACT

Synthetic C03A12(Si04)3 garnet and (Mg,Ni)3A12(Si04)3 garnet with Ni/(Ni + Mg) =
0.15-0.18 have been studied by single-crystal X-ray diffraction and optical spectroscopy.
The X-ray data confirm that COH and NiH occupy the large distorted cubic (dodecahedral)
site of the structure. Structure refinement indicates that the NiH ion is probably displaced
out of the center of this site and statically or dynamically disordered onto the 48g equipoint
at (1/8,y, 1/4+y). This is consistent with the lattice constant of the Ni-bearing garnet of
11.4717(7) A being significantly larger than the lattice constant of pyrope (11.459 A),
although the ionic radius of NiH is usually smaller than that of MgH. The lattice constant
of C03A12(Si04)3 garnet is 11.4597(2) A. Because of the unusual coordination geometries
ofNiH and COH, the optical spectra of the garnets are fundamentally different from those
of other COH- and NiH-bearing silicates. The following crystal-field parameters were
estimated from spectroscopic data: crystal-field splitting Ll = 4430 cm-I (COH) and 4210
cm-1 (NiH); Racah parameter B = 890 cm-1 (COH) and 1080 cm-1 (Nj2+). These data
yield an exceptionally low crystal-field stabilization energy (CFSE) of NiH in garnet of
3370 cm-', which explains the very low Ni contents of garnets in equilibrium with olivine.
The CFSE of COH in garnet of 5320 cm-I is similar to values for pyroxenes and olivine.
Therefore, the partition coefficient of COH between these phases should be close to unity,
as is observed.

INTRODUCTION

The partitioning ofNi between olivine and pyrope gar-
net is strongly temperature dependent (Griffin et al. 1989;
Canil 1994) and can be used as a geothermometer. Be-
cause the gamet-olivine partition coefficient ofNi is very
low and the Ni content of mantle olivine is rather uni-
form, a temperature estimate may be obtained by just
measuring the Ni content of a gamet, e.g., of an inclusion
in diamond. To understand the crystal chemistry of Ni
and Co in the garnet structure, we performed an X-ray
diffraction and optical spectroscopic study of synthetic
C03A12(Si04)3 and (Mg,Ni)3A12(Si04)3 garnet.

The most interesting aspect of the structure of the NiH-
bearing garnet is the fact that NiH is considerably smaller
than MgH, which is the smallest of the cations commonly
found in the dodecahedral site in aluminous garnets (No-
vak and Gibbs 1971). Indeed, Mg is so small relative to
this site that it has been suggested that in pyrope
Mg3A12(Si04)3 the Mg atom is not actually found at the
24c equipoint at (1/8,0, 1/4), which defines the symmetry
of the dodecahedral site, but is rather statically or dynam-
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ically disordered into the 48g equipoint at (1/8,y, 1/4+ y).
This disorder is consistent with the high degree of dis-
tortion of the thermal motion ellipsoid found for the do-
decahedral site in pyrope; however, unequivocal evi-
dence for this disorder has never been found. With the
substitution ofNi on this site, the misfit of the cation and
the site may become so great as to reveal this disorder
unequivocally.

The dodecahedral site of garnet is a very unusual en-
vironment for NiH and COH, which are octahedrally co-
ordinated in most silicates. COH even occasionally enters
tetrahedral sites, e.g., in staurolite (Bums 1993). There-
fore, the optical spectra and crystal-field stabilization en-
ergies ofNiH and COH in garnets are expected to be quite
different from other silicates.

SYNTHESIS OF GARNETS

C03A12(Si04)3 garnet was prepared from an oxide mix-
ture in the presence of traces of water in a piston-cylinder
apparatus at 45 kbar and 1100 °C for 16 h. The product
was single-phase C03A12(Si04)3 garnet.

Ni-bearing pyrope was synthesized in a sealed plati-
num capsule from a mixture of oxides with the bulk com-
position Mg2NiA13Si40,2' Two wt% brucite was added as
a source of water. Synthesis was conducted at 80 kbar
and 1500 °C for 3 h in a multi-anvil apparatus. The ex-
perimental products were dominantly garnet with a mo-
lar ratio ofNi/(Ni + Mg) of 0.15-0.18. In addition, some
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Co-end-member
Parameter garnet Ni-bearing garnet

Rm 2.2 2.9
R 1.7 2.2
Rw 2.6 2.7
N~f 314 277
Npa, 18 20

YI'] -0.0081(1)
Xo 0.0336(1) 0.0328(1 )

Yo 0.0512(1 ) 0.0493(1 )

Zo 0.6529(1) 0.6533(1 )

XNi 0.150(2)

- -.~.----.-
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TABLE1. R factors (%) and structural parameters

Ni-bearing olivine, nickel-aluminum-silicate spinel and
quenched melt were present. The garnet grains used in
the present study were unzoned and free of inclusions,
according to microprobe analysis.

Both the Co-end-member garnet and Ni-bearing gar-
net samples had grain sizes of up to several hundred mi-
crometers. The Co-end-member garnets are intensely
purple in color. The color of the Ni-bearing garnets is
between orange and pink.

EXPERIMENTAL METHODS

Single-crystal X-ray diffraction

Candidate crystals were selected and mounted on an
Enraf-Nonius CAD4 diffractometer using graphite-mon-
ochromated MoKa radiation (Kal = 0.70930, Ka2 =
0.71359 A). The crystal quality was evaluated by exam-
ination of rotation photographs and the mapping of se-
lected reflections in reciprocal space until a satisfactory
crystal was found. After determination and refinement of
the orientation matrix, one-sixteenth of reciprocal space
(h, k ~ 0, I ~ k) to (sin O)/'A

""

1.0 (0 = 45°) was collected
in w-20 scan mode. The crystal alignment was checked
after the collection of every 150 reflections, the intensity
of standard reflections was checked every hour. After data
collection, ,p-scan data were collected for the application
of an empirical absorption correction.

The data were corrected for Lorentz and polarization
effects, as well as for absorption. Symmetrically equiva-
lent data were then averaged, with Rmerge = 2.2
[C03AI2(Si04)3] or 2.9 [(Mg,Ni)3AI2(Si04M Structure fac-
tors were weighted using a modified Poisson weighting
scheme that reduces the influence of intense reflections.

Optical spectroscopy

To record absorption spectra from 2500 to 27500 cm-I
(near infrared to near UV), doubly polished plates with
a thickness of 32 /-Lmwere prepared from the garnets.
Measurements were made using a Bruker IFS 120 HR
infrared spectrometer equipped with a Bruker infrared
microscope. The spot size of the beam was between 40
and 70 /-Lm.From every sample, three spectra in different
wavelength ranges (2500-10000, 9000-15000, and
12500-27500 cm-I) were accumulated and merged to the
final spectrum. The spectroscopic resolution was 4 cm - I

in the infrared and 8 cm -I in the visible and UV range.

Depending on the spectral range, different light sources
(tungsten lamp or xenon arc lamp), beam splitters (Si-
coated CaF2 or quartz), and detectors (narrow-band MCT
or Si-diode) were used. Between 1000 and 5000 scans
were accumulated for each spectrum.

RESULTS

Structure refinement

For each data set, two models were refined in space
group Iajd. In the first model, the dodecahedral cation
was assumed to be ordered on equipoint 24c, requiring a
total of 16 structural parameters (0 positional parameters
and anisotropic displacement factors) in addition to a
scale factor. For the second model, the dodecahedral cat-
ion was allowed to relax onto the 48g equipoint, requiring
two additional parameters, i.e., the YIg]and {31218'parame-
ters. In addition, the Ni content of the dodecahedral site
was refined for the Ni-bearing pyrope.

Model 1 resulted in acceptable R factors for both ma-
terials (although it was necessary to refine an extinction
coefficient for the Co-end-member garnet). The vibra-
tional ellipsoids of the dodecahedral site were large and
distorted (particularly for the Ni-bearing garnet).

The refinement of the Co data using model 2 was some-
what unstable and resulted in no change in Rw. The re-
finement of the Ni data using model 2 resulted in a slight
improvement in Rw (Rw = 0.027 for model 2, Rw = 0.029
for model 1). Although this improvement is slight, Ham-
ilton's (1965) significance test indicated that it is highly
significant, i.e., the disordered cation site is clearly a bet-
ter model. According to Hamilton's test, the probability
that model 2 is correct rather than model 1 is 99.5%.

The vibrational ellipsoid for the dodecahedral site in
Ni-bearing pyrope is quite large and highly anisotropic
even in model 2, although the distortion is more in line
with the values found for the Co-end-member garnet.
The displacement parameters are large for the dodeca-
hedral site in both materials. The remaining displace-
ment parameters for the Co-end-member garnet are gen-
erally in accordance with those reported for pyrope (Gibbs
and Smith 1965; Novak and Gibbs 1971); however, all
the displacement factors for the Ni-bearing pyrope are
significantly larger than those found in pyrope or the Co-
end-member garnet. This perhaps suggests that the struc-
ture is so uncomfortable (at ambient conditions) with Ni
in the dodecahedral site that the entire structure is placed
under considerable strain. This strain may be attributed
to the misfit between the Ni atom and its site; if the
dodecahedral site were perfectly rigid, then the only effect
of substituting Ni for Mg would be (as indicated by this
structure refinement) the relaxation of the Ni atoms off
of the center of the site. Indeed, the dodecahedral site is
not perfectly rigid, and so for those sites in which Ni is
found, the coordinating 0 atoms shift to accommodate
the requirements of bonding to the smaller cation. These
shifts have two effects. The first is to increase the appar-
ent displacement coefficient of O. The second is to trans-



Co-end-member Ni-bearing

fJ garnet garnet

11(8) 56(1) 113(4)
22(8) 145(1) 309(3)
12[8] 70(10)
23[8] 77(3) 371(8)
11(8) 45(2) 61(2)

12(8) 1(4) -1(4)
11[4] 37(3) 60(3)
22[4] 44(2) 68(2)

110 71(3) 95(3)

220 88(3) 120(3)

330 51(3) 82(3)

120 36(7) 36(7)

130 -31(7) 40(7)

230 -8(6) -11(6)

TABLE3. Bond lengths (A) and distortion indices

Co-end-member Ni-bearing
garnet garnet

Dodecahedral site
M-O(A) 2.332 x 4 2.457 x 2

2.245 x 2
M-O' (A) 2.211 x 4 2.225 x 2

2.179 x 2
V (A3) 20.085 20.247

Octahedral site
M-O(A) 1.887 x 6 1.889 x 6
V (A3) 8.949 8.965
q.e. 1.0013 1.0013
a.v. 4.58 4.61

Tetrahedral site
M-O(A) 1.637 x 4 1.635 x 4
V (A3) 2.210 2.191
q.e. 1 .0123 1.0154
a.v. 50.65 63.22
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TABLE 2. Anisotropic displacement parameters 18 values x
105)

Note: The form of the anisotropic displacement parameter for the garnet
structure is exp(h2fJ" + k2fJ.. + 12fJ.. + hkfJ'2 + hlfJ'3 + klfJ..). For the
dodecahedral [8] site. fJ22= fJ... fJ'2 = fJ'3 = 0; for the disordered dodec-
ahedral site. in addition fJ'3 = -fJ". For the octahedral [6] site. (3" = (322

= fJ... (3'2= fJ'3 = (3... For the tetrahedral [4] site. (3.. = fJ... (3'2= (3'3= (323

= O.

fer strains through the densely packed garnet structure to
the other structural elements and thus cause a general
increase in the displacement coefficients.

Table 1 lists the final R factors and structural param-
eters, whereas Table 2 lists the final anisotropic displace-
ment parameters. A listing of observed and final calcu-
lated structure factors may be obtained from the authors.

The unit-cell parameters were determined by centering
a group of 18 high-angle reflections in four diffraction
conditions (routine SET4 in Enraf-Nonius's data collec-
tion package) to eliminate alignment errors. The cell pa-
rameters, constrained to a cubic cell, were 11.4597(2) A
(Co) and 11.4717(7) A (Ni). There was no significant ev-
idence of deviation from cubic symmetry. It is interesting
to note that the lattice constant of the Ni-bearing garnet
is significantly larger than the lattice constant of pyrope
(11.459 A, Skinner 1956), although Ni2+ (ionic radius
0.690 A, Shannon 1976) is smaller than Mg2+(0.720 A).
This is consistent with the assumption ofNi2+ being dis-
ordered out of the center of the dodecahedral site. The
lattice constant of the Co-end-member garnet is slightly
larger than that of pyrope, as expected from the larger
ionic radius ofCo2+ (0.745 A) in comparison with Mg2+.

Table 3 lists the calculated bond lengths and distortion
indices (compare Hazen and Finger 1982) for the two
structures. Note that the AI-O and Si-O bond lengths are
indifferent to the identity of the atom in the dodecahedral
site. The structural data for the Co-end-member garnet
are similar to those obtained by Ohashi et a1. (1981).

Crystal-field spectra
Crystal-field spectra of the Co-end-member and Ni-

bearing garnet are shown in Figures 1 and 2, and spec-
troscopic data are in Tables 4 and 5. In an ideal eightfold-
coordinated cubic environment, the ground state ofCo2+
is 4A2g(F).From this ground state, three spin-allowed
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Note:q.e. = quadratic elongation. a.v. ~ angle variation; for definitions.

see Hazen and Finger 1982. Bond lengths uncorrected for thermal motion.

transitions are expected to occur to the excited states
4T2g(F),4TIg(F), and 4T)g(P). These transitions correspond
to the three band systems centered at 4320, 8170, and
18300 cm-] (Fig. 1, Table 4). Because of the orthorhom-
bic site symmetry of the distorted cubic (dodecahedral)
site in gamet, the degeneracy of the 4T2g(F), 4T]g(F), and
4TIg(P) terms is completely lifted, causing the splitting of
each of three major absorption bands into three compo-
nents. This splitting is clearly seen in Figure 1. In addi-
tion to site distortion, spin-orbit coupling may contribute
to the observed fine structure (Stahl-Brada and Low 1959).
The band systemcenteredaround 18300cm-I in the vis-
ible range also involves some spin-forbidden transitions
to the 2A2g(G), 2T]g(D), and 2Eg(G) states. A precise as-
signment of the band components is not possible. The
weak feature at 22530 cm-l is due to the transition 4A2g(F)-2T2g(G). Attempts were made to more precisely locate
individual band components by deconvoluting the spec-
tra in Figures 1 and 2 into Gaussian peaks. However, a
satisfactory fit of the experimental data could not be ob-
tained using a physically meaningful number of individ-
ual band components. This is probably because of the
intrinsic asymmetry of some bands.

If one treats the orthorhombic site symmetry as a slight
perturbation of a cubic field, crystal-field parameters can
be estimated from the barycenter ofthe three major band
systems centered at 4320,8170, and 18300 cm-l. This
yields a crystal-field splitting ~ = 4430 cm-) and a Racah
parameter B = 890 cm-l (Table 6). With these parame-
ters, a satisfactory agreement between observed and pre-
dicted band positions can be obtained (Table 4). In the
cubic approximation, the crystal-field stabilization energy
(CFSE) ofCo2+ is = %~ = 5320 cm-I.

The ground state of Ni2+ in an ideal eightfold-coordi-
nated cubic environment is 3T)g(F). Three spin-allowed
transitions are expected to occur to the excited states

-----.-
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Barycenter Calc.
of split band

Band position , Excited bands position
(cm-') ILI(mol.cm)] state (cm-') (cm-')

3460 8.04

}
4320 7.25 4T2g(F) 4320 4430
5170 8.57
6910 4.64

}
8300 6.34 4T,.(F) 8170 7690
9300 (shoulder) 5.13

17140 10.38

}

17650 11.89 'T,.(P) 18300 1890018770 17.17
19640 15.47
22530 1.51 'T,.(G)
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2ppoo 15000 10000 5000

Wavenumber, cm-1

FIGURE1. Crystal-field spectrum ofC03AI2(Si04)3 gamet, re-
normalized to 100 ILm thickness.

3T2g(F), 3A2g(F), and 3TIg(P). The first two transitions are
observed at 4070 and 6210 cm-I. They do not show any
splitting owing to the low site symmetry. However, the
third band, centered around 20640 cm-I, is clearly split
into at least two components. A weak absorption feature
at 13630 cm-I is due to the spin-forbidden transition to
the 1Eg(D) and IT2g(D) states. Estimated crystal-field pa-

rameters are ~ = 4210 cm-I and B = 1080 cm-I; CFSE

= %~ = 3370 cm-I in the cubic-field approximation (Ta-
ble 6). This simple cubic treatment, however, cannot sat-
isfactorily account for the relative energies of the transi-
tions 3TIg(F) --. 3T2g(F) and 3TIg(F) --. 3A2g(F). Because
the slope of the energy of the 3T2g(F) and 4A2g(F) terms
in the Tanabe-Sugano diagram is constant (Figgis 1966),
the ratio of the two transition energies should be the same
for any value of ~ or B. This ratio should be close to 2.
The observed ratio, however, is 1.5. This cannot be ex-
plained by a simple cubic-field approximation and must
be due to the low site symmetry, possibly combined with
disordering between two sites.

o
o

500025000 15000 1ppoo2ppoo

Wavenumber, em-1

FIGURE 2. Crystal-field spectrum of (Mg".82Nio.18)3AI2(Si04)3
garnet, renormalized to 100 ILm thickness.

TABLE4. Crystal-field spectrum of C03A12(Si04h garnet

Note: Term symbols for undistorted cubic environment are used. Ground
state is 'A,.(F). Positions of the spin-allowed bands are calculated from
the crystal-field parameters in Table 6: ,

= molar extinction coefficient of
Co in garnet as measured at the respective wavenumber.

GEOLOGICAL APPLICATIONS

Crystal-field stabilization energies can be used to pre-
dict the partitioning of trace elements between different
phases (Bums 1993). The correct order of magnitude of
partition coefficients can often be obtained by considering
CFSE alone, at least for ions having high CFSE, such as
Ni2+, Co2+, and CrH in octahedral sites (Keppler 1992).
For example, the CFSE of Ni2+ and Co2+ in glasses
quenched from pressures up to 100 kbar have been used
to predict the pressure dependence of the metal-silicate
melt partition coefficients of these elements (Keppler and
Rubie 1993); the predicted changes in the partition coef-
ficients have recently been confirmed experimentally
(Thibault and Walter 1995). At first sight, this may seem
surprising because crystal-field stabilization usually ac-
counts for only about 10-30% of the total bonding energy
of an ion. There are two explanations, however, for the
success of considerations of CFSE in the prediction of
partition coefficients; one is based on simple electrostatic
arguments, whereas the other stems from molecular or-
bital theory. A simple electrostatic model predicts that
the magnitude of ~, and therefore the magnitude of CFSE,
varies with r-5, r being the cation-anion distance (Bums
1993). However, the Coulomb potential, which in a sim-
ple ionic model provides most of the bonding energy,
varies only with r-I. If one considers the partitioning of
trace elements between similar sites in various minerals,
the differences in bonding energies are relevant rather than
the total bonding energy. These differences, however, are
dominated by CFSE, as the CFSE is much more strongly
affected by subtle changes in bond lengths than the Cou-
lomb potential. In reality, the interaction between a tran-
sition metal ion and the surrounding anions is never purely
ionic. A model that can account for both mostly ionic
and strongly covalent bonding effects is molecular orbital
(MO) theory (Figgis 1966; Huheey 1983; Greenwood and
Earnshaw 1984). In the simplest model, which considers
only O"-bonding interactions, the spectroscopically ob-



TABLE5. Crystal~field spectrum of (Mgo82Nio.18).AI2(SiO.).
garnet

Barycenter
Band of split Calc.band

position , bands position
(cm-') [U(mol'cm)] Excited state (cm-') (cm-')

4070 8.02 3T..(F) 3520
6210 10.97 3A,.(F) 7730

13630 1.48 'E.(D),'T2.(D)
19880 12.66 } 3T,.(P) 20640 19030
21400 11.81

ROSS ET AL.: CRYSTAL CHEMISTRY OF Ni AND Co IN GARNET

Note: Term symbols for undistorted cubic environment are used. Ground
state is 3T,.(F). Positions of the spin-allowed bands are calculated from
the crystal-field parameters in Table 6; , = molar extinction coefficient of

Ni in garnet as measured at the respective wavenumber.

tained crystal-field splitting measures the energy separa-
tion between the lowest anti bonding and the nonbonding
orbitals. This energy separation becomes larger as the
overlap between the ligand and metal orbitals becomes
stronger. Because bond strength increases with orbital
overlap, Lland CFSE are measures of bond strength. If 7r

interactions between ligand and metal are considered, the
picture becomes slightly more complicated, as the non-
bonding orbitals of the transition metal ion now become
weakly bonding or antibonding. However, because these
7r bonds are commonly weaker than (7 bonds, the basic
interpretation of Lland CFSE as measures of bond strength
is still valid.

The CFSE of 3370 cm-I for Ni2+ in the dodecahedral
site of garnet (Table 6) is exceptionally low in comparison
with that of other minerals of the upper mantle: In oliv-
ine, the CFSE ofNi2+ in the M1 site is about 9500 em-I,
and the CFSE values of Ni2+ in the M 1 site of enstatite
and diopside are 8280 and 10800 em-I, respectively
(Burns 1985). This explains why the garnet-olivine par-
tition coefficient of Ni2+ is very low, between 0.1 and
0.001 in the temperature range between 600 and 1600 °C
(Griffin et al. 1989; Canil 1994). The CFSE of Co2+ in
garnet, on the other hand, is only slightly lower than the
values for the M1 site of enstatite (6700 em-I), diopside
(6420 em-I; Burns 1985), and probably olivine. There-
fore, the garnet-olivine and garnet-pyroxene partition co-
efficients of Co2+ should be close to unity, as is observed
(Matsui and Banno 1969; Bodinier et al. 1987). This
means that garnet in equilibrium with upper-mantle min-
erals should strongly fractionate Ni2+ from Co2+. More-
over, large-scale crystallization of majorite garnet from
an early magma ocean would have greatly increased the
Ni/Co ratio in the remaining mantle.

Because the crystal field in the large site of the perov-
skite structure is similar to the dodecahedral site in gar-
net, some predictions on the partitioning of Ni and Co
in the lower mantle are possible. Our results suggest that
the CFSE of Ni2+ in perovskite and majorite is smaller
than in magnesiowiistite (10200 em-I, Burns 1985), which
means that Ni2+ should strongly partition in favor of
magnesiowiistite. This effect should be much less pro-

---
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TABLE 6. Crystal-field parameters of Ni2+ and Co2+ in the
distorted cubic site of garnet

C,(cm-1)

4430
4210

B(cm-1)

890
1080

{3
= BIB, CFSE (cm-1)

0.79
1

5320
3370

Note:Thec, = crystal-field splitting; B = Racah parameter; {3 = nephe-
lauxetic parameter; B, = Racah parameter of the free ion in vacuum (B,

= 1120cm-' for Co'+; B, = 1080cm-1 for Ni2+;Figgis1966).

nounced for Co2+. Recent experimental results by Guyot
et al. (1994) are in agreement with this prediction.
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