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Abstract. We have obtained infrared and Raman spectra
for garnets synthesized at high (static) pressures and tem-
peratures along the join Mg;Al,Si;0,, (pyrope) —
Mg,Si,O,, (magnesium majorite). The vibrational spectra
of Mg-majorite show a large number of additional weak
peaks compared with the spectra of cubic pyrope garnet,
consistent with tetragonal symmetry for the MgSiO; garnet
phase. The Raman bands for this phase show no evidence
for line broadening, suggesting that Mg and Si are ordered
on octahedral sites in the garnet. The bands for the interme-
diate garnet compositions are significantly broadened com-
pared with the end-members pyrope and Mg-majorite, indi-
cating cation disorder in the intermediate phases. Solid state
27A1 NMR spectroscopy for pyrope and two intermediate
compositions show that Al is present only on octahedral
sites, so the cation disorder is most likely confined to Mg—
Al—Si mixing on the octahedral sites. We have also ob-
tained a Raman spectrum for a natural, shock-produced
(Fe,Mg) majorite garnet. The sharp Raman peaks suggest
little or no cation disorder in this sample.

Introduction

There is considerable interest in the structure and properties
of high pressure phases in the system MgO—SiO, —~Al,O4
which are likely to be major components of the earth’s
mantle. Among these, MgSiO; with the garnet structure
and its solid solutions with pyrope (Mg3;Al,Si30,,) (major-
ites) are important both as major mineral phases of the
earth’s transition zone (Akaogi and Akimoto 1977; Liu
1977; Takahashi and Ito 1987; Irifune and Ringwood
1987), and because such phases are on the liquidus of ultra-
basic melts at pressures between 15 and 25 GPa (Ohtani
1987). Knowledge of the physical and thermodynamic
properties of these phases is important to gain a better
understanding of the transition zone, and the partitioning
of elements between solid and silicate liquid between 450
and 650 kilometers depth, and hence the chemical differenti-
ation of the upper mantle (Kato et al. 1987). Majorite is
moreover a transitional phase between the upper and lower
mantle in a structural as well as a spatial sense, in that
it contains silicon in both four- and six-fold coordination
to oxygen.
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The pyroxene composition MgSiO; transforms to the
garnet structure above around 20 GPa and 1500° C (Kato
and Kumuzawa 1985), and there is almost complete solid
solution between MgSiO; and pyrope (Mg;Al,Si30,,) at
lower pressures (Liu 1977; Akaogi and Akimoto 1977).
Shock-produced majorite garnets containing iron are also
found in some meteorites (Mason et al. 1968; Smith and
Mason 1970; Jeanloz 1981). In the present study, we have
obtained infrared and Raman spectra for the end-member
majorite garnet (MgSiO;), and for four statically-synthe-
sized garnets in the system MgyALSi;O,, (Py) -
Mg,Si, 0., (Mj) to investigate their structural and vibra-
tional properties. We have also obtained solid state magic
angle spinning (MAS) NMR spectra for three members of
this garnet series, and have obtained the Raman spectrum
for a natural, shock-produced sample of (Mg,Fe) majorite.

Experimental

The MgSiO; garnet sample was synthesized by heating at
20 GPa and 1800° C for 3 min using a multiple-anvil split-
cylinder type (MAS8) high pressure apparatus recently con-
structed at Ehime University. The sample assembly was
a MgO octahedron containing a graphite sample capsule
placed between two composite sheet heaters of tungsten
carbide and diamond powder. Temperature was measured
with a W, sRe,s — Wy,Re, thermocouple. No pressure cor-
rection was applied to the thermocouple EMF. Further de-
tails of the furnace assembly have been described by Ohtani
(1987).

The four samples Pyioo, PysaMjis, PysoMjs; and
Py.,Mjss (the subscript following the Mj denotes the mole
per cent Mg,Si, O, component in the garnet solid solution)
were synthesized at 900-1000° C at pressures between 4 and
17 GPa from glass or oxide starting mixes, and were the
same samples used in the recent calorimetric and elastic
studies of Akaogi et al. (1987). The natural majorite sample
was obtained from R. Jeanloz, and was the same sample
used in his earlier infrared and X-ray study (Jeanloz 1980).

Raman spectra were obtained on polycrystalline grains
50-100 pm in dimension using an Instruments S.A. U-1000
micro-Raman system with a Coherent Innova 90-4 argon
ion laser for sample excitation. Slit widths were approxi-
mately 2cm™?!, and laser power at the sample was
5-50 mW. Powder infrared spectra for the MgSiO; garnet
were obtained on approximately 0.5 mg sample via the KBr
disc method with a Nicolet MX-1 interferometer. Infrared



spectra for the Py—Mj series were obtained for approxi-
mately 0.1 mg sample with a Bomem DA3.02 FTIR instru-
ment equipped with a globar source, KBr beamsplitter and
liquid-He cooled Ge:Cu detector. Solid state magic angle
spinning (MAS) NMR spectra were obtained for samples
of pyrope (5 mg), Pys,Mj,s (2.4 mg), and PysoMj,, (ap-
proximately 1.5 mg) using a Bruker AM-400 FT spectrome-
ter with a Bruker MAS probe operating at 104.26 MHz
for 27Al. (We also atiempted runs for 2°Si, but these were
unsuccessful due to the small amounts of sample). The sam-
ples were mixed with KBr, packed into Delrin single air
bearing rotors, and spun at 4.6-5.2 kHz. MAS spectra were
obtained using a recycle delay of 0.5s and a 60° pulse
(90°=3.8 ps). The magic angle was detuned 1-2° to reduce
spinning side bands (Oldfield et al. 1982). Chemical shifts
are reported in ppm relative to AI(H,0)s** (1M AICL,
in H,0).

Results and Discussion

Pyrope

Pyrope has a cubic garnet structure with space group Ia3d
(Oh'%) and four formula units (MgsAl,Si;O;,) per primi-
tive cell. Moore et al. (1971) have carried out a symmetry
analysis for the cubic garnet structure to determine the ex-
pected optically active vibrations:

928

€ounts/Saec X 10E3

Pyrope (Py)

1.200L

1064

200.0 400.0 600.0 800.0 1000.0

3. 600,

931

3.000

602

MgSiOg garnet
(Mj)

2. 400,

1.800

989
1065

159

1.200

200.0 400.0 §00. 0 800.C 1000.0 1200. ¢

Raman shift <am—1)
Fig. 1. Raman spectra of pyrope (Py) and MgSiO; garnet (Mj)
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Raman: 3A,+8E,+14T,,
Infrared: 17T,
Inactive: 5A,,+ 14T+ 5A,+5A,,+10E,+16T,,.

The Raman spectrum of pyrope shows ten prominent
peaks, and a further three to five peaks may be distin-
guished as shoulders or weak features in the spectrum
(Fig. 1; Table 1). Moore et al. (1971) obtained polarized
Raman spectra for a grossularite (GrgoAl3Ang), and found
the three A,, modes at 888, 557 and 378 cm™'. Several
authors (Tarte 1965; Moore et al. 1971; Tarte and Deliens
1973) have demonstrated a general decrease in frequency
of the infrared and Raman bands of silicate garnets with
increasing cell edge, especially for peaks above 500 cm 1.
Pyrope has a smaller cell volume than grossular, and it
seems reasonable to assign the three prominent Raman
peaks of pyrope at 928, 562 and 364 cm ™~ * to the expected

Table 1. Infrared and Raman peak positions for pyrope and
MgSiO; garnet. w — weak; s — strong; sh — shoulder. For infrared
data: (a) Kato and Kumazawa (1985); (b) this study (Figure 2)

Raman Infrared
Pyrope MgSiO; garnet  Pyrope MgSiO, garnet
€)) (b)
138
159
181
210 197, 205
218 sh 226, 238 sh
261
275
293
320 311
340 sh 336 340 354
364 354, 367 362 sh?
382 sh 383
398 390 395 398
416 w,sh
429 433 sh
442 446
458 466 458 459
481 485 490
492 498
512 507 501 501 sh
520 521
535 538 549 549
559 584 576 580
562 602 s 615 sh 604 sh
627 632
648 648
656 sh? 670 675
693 693 w
724
802 w
831 827 s
868 852, 873 sh 877 876 879
910 sh 889 907 903 906
928 s 931s
964 976 950 954
9R9
1003 sh 998 1002
1034
1064 w 1065
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A;, modes. Also by analogy with the Gry, spectrum of
Moore et al. (1971), it is likely that the 868 cm ™! peak of
pyrope is of E, symmetry.

The tetrahedral SiO, groups in the cubic garnet struc-
ture occupy sites with S, symmetry. By analogy with other
orthosilicates, the Si—O stretching vibrations of these
should lie above 800 cm~!. The v, symmetric stretching
vibrations give rise to two Raman modes (A,,+E,), while
the v, asymmetric stretching vibrations give rise to four
Raman modes of the crystal, E,+3T,, (Moore et al. 1971).
Since the A,, and E, vibrations are associated with diagonal
elements of the Raman scattering tensor (o, %,, and o),
they should give rise to more intense bands than the T,,
modes which are associated only with off-diagonal ele-
ments, while the more symmetric v,-derived vibrations
should give stronger Raman peaks than those derived from
the asymmetric stretch. From this, is likely then that the
928 and 868 cm ™! peaks of pyrope correspond to the A,,
and E, modes derived from v,, while the peak at
1064 cm ™!, the shoulder at 910 cm™!, and perhaps the
weak feature visible near 1010 cm ' correspond to the E
and T,, modes derived from v;. The A;, mode at 562 cm“%
is derived from the v, symmetric bending vibration of the
SiO, groups, while the lowest frequency A,, vibration can
be assigned to a rotatory motion of the silicate tetrahedra
(Moore et al. 1973). The peaks in the Raman spectrum of
pyrope are all sharp, with comparable half-widths to those
of forsterite (10~15 cm ™~ *: Piriou and McMillan 1983). This
suggests that the pyrope garnet is well ordered,consistent
with previous single crystal refinements, which indicate all
Si ordered on tetrahedral sites, and all Al on octahedral
sites (Gibbs and Smith 1965; Meagher 1975; Hazen and
Finger 1978; Levien et al. 1979). As part of this study, we
obtained a 2”Al MAS NMR spectrum for pyrope (Fig. 5).
This showed only a single peak at 2.8 ppm, again consistent
with all Al ordered on octahedral sites in the garnet (Muller
et al. 1981).

The infrared spectrum of pyrope (Fig. 2; Table 1) is sim-
ilar to that obtained by Tarte (1965). The weak bands near
1088 and 1160 cm ™! were not observed by Tarte (1965)
(although similar bands appear in the spectrum of Cahay
et al. 1981), and probably correspond to a trace of un-
reacted silica in the sample (also the weak feature near
800 cm ~1). No corresponding features were observed in the
Raman spectrum.

As noted above, factor group analysis predicts 17 infra-
red bands of T,, symmetry. Of these, three should be de-
rived from the v; asymmetric stretching vibrations of the
SiO, tetrahedra, and none from the v, symmetric stretch
(Moore et al. 1971). The observed infrared spectrum of pyr-
ope contains four features in the Si—O stretching region:
bands at 976, 907 and 877cm™!, and a shoulder at
1003 cm™*. These correspond respectively to bands B, C,
D and A of Tarte (1965), Tarte and Deliens (1973), and
Moore et al. (1971), and are observed in the powder infra-
red spectra of a wide variety of silicate garnets (Omori 1971;
Moore et al. 1971; Nishizawa and Koizumi 1975; Tarte
etal. 1979) and yttrium aluminium garnet (Slack et al.
1969; McDevitt 1969). The increased number of bands
could indicate a lower symmetry than S, for the SiO,
groups in pyrope, or a distortion of the garnet from cubic
symmetry. Although such distortions are known for some
garnets (Ringwood and Major 1967; Prewitt and Sleight
1969; Akimoto and Syono 1972; Kato and Kumazawa
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Fig. 2. Infrared transmission spectra of pyrope (Py) and MgSiO,
garnet (Mj). Note that the infrared spectrum of pyrope is plotted
in absorbance units. The weak bands near 1088 and 1160 cm™!
in the pyrope spectrum are due to a trace of silica impurity, as
discussed in the text

1985; Fujino et al. 1986; Allen and Buseck 1988), the single
crystal X-ray data for pyrope show no evidence of lower
symmetry than cubic for pyrope (Gibbs and Smith 1965;
Meagher 1975; Hazen and Finger 1978; Levien et al. 1979),
while our 27Al NMR data show only a single peak for
octahedral Al (Fig. 5), indicating no cation site disorder
in the garnet. The origin of the high frequency shoulder
(1003 cm™ 1) in the infrared spectrum of pyrope is not yet
clear. From infrared spectra of silicate impurities in alumin-
ate garnets, it is unlikely that this band corresponds to
a fundamental transverse optic mode of the lattice (Wickers-
heim et al. 1960). The isotopic substitution data of Cahay
et al. (1981) show that it is associated with motion of the
silicon (tetrahedral) cation. Suwa and Naka (1975) and Ca-
hay et al. (1981) attribute the band to a combination mode,
perhaps between an internal vibration of the SiO, unit and
an external (lattice) vibration. A second possibility is that
this band corresponds to a longitudinal optic component
associated with one of the v; bands, due to a component
of reflection being present in the powder transmission spec-
tra. Resolution of this problem will require single crystal
infrared reflectance studies for pyrope, and the other gar-
nets affected.



MgSiO; Garnet

Kato and Kumazawa (1985) have suggested that MgSiO,
garnet has tetragonal symmetry, based on small splittings
in jts X-ray diffraction pattern and from the form of its
infrared spectrum. The Raman and infrared spectra of
MgSiO; garnet are shown in Figures 1 and 2, compared
with those for pyrope. Peak positions are listed in Table 1.
Our infrared spectrum is similar to that of Kato and Kuma-
zawa (1985), but more peaks are visible in the present spec-
trum. The Raman specira for pyrope and MgSiO; garnet
are quite similar, except that many more peaks are apparent
for the MgSiO, sample.

Fujino et al. (1986) found space group I4,/a (corre-
sponding to point group C,y) for the tetragonal garnet
MnSiO;. A similar tetragonal distortion from the cubic
space group la3D (Oy) for MgSiO; would most likely give
a phase with the same symmetry, or perhaps a higher sym-
metry phase with factor group D,,. From correlation of
symmetry species between point groups Oy, Dy, and Cyy,
we can predict the number and activities of the vibrational
modes for these tetragonal garnet structures. For a tetra-
gonal D, structure, we expect

11A,,(R) +14A,, + 13B, (R) + 14B,(R) + 28E,(R)
+15A,,+17A,,(IR) +15B,, + 16B,, + 33E,(IR)

(R) and IR indicate Raman and infrared activity), while
for a tetragonal C,y, structure, we expect

25Ag(R)+27B,(R) +28E,(R) + 32A,(IR) + 31B, +
33E,(IR).

It is obvious that tetragonal distortion of the garnet struc-
ture results in many more Raman and infrared active peaks,
consistent with the observed spectra of MgSiO; garnet com-
pared with pyrope. This supports Kato and Kumazawa’s
(1985) suggestion that MgSiO; garnet has tetragonal sym-
metry. We can investigate this further by considering the
high frequency region of the infrared and Raman spectra
of both phases.

The peaks above 800 cm™" in the vibrational spectra
of orthosilicates can often be usefully assigned to stretching
vibrations of the SiO, tetrahedral groups (Piriou and
McMillan 1983). For a cubic (Oy) garnet structure, we ex-
pect the v, and v, symmetric and asymmetric stretching
vibrations of the SiO, groups to give rise to the following
Raman and infrared active modes (Moore et al. 1971):

Vi————— Alg(R) + Eg(R)
S E,(R) +3T,(R)+3T,,(IR).

As discussed above, the A, mode is likely responsible for
the strong Raman line at 928 cm™* for pyrope, while the
modes at 868 and 1064 cm ™! are probably of E, symmetry,
derived from v, and v; vibrations respectively. Other weak
features in the high frequency Raman spectrum are due
to the T,, modes derjved from v;. On distortion to a tetra-
gonal D, structure, the SiO, stretching vibrations would
give rise to the following infrared and Raman active modes:

v1:2A14(R)B1,(R) + E,(R) + E,(IR)
vy ALg(R)+ 2B, ,(R)+ 3B, (R) + SE,(R) + 3A,,(IR) +
SE,(IR).

The Raman spectrum of MgSiO; garnet shows eight obvi-
ous high frequency modes compared to the fifteen expected
for a D,, structure (Fig. 1). The strong Raman mode at
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931 cm ™' is likely the A,, mode derived from the v, sym-
metric stretch, and the 1065 cm ™' band probably corre-
sponds to one of the E, modes derived from v;, as for
pyrope. The other high frequency peaks cannot be easily
assigned. The high frequency infrared spectrum of MgSiO4
garnet shows three strong bands at 827, 906 and 1002 cm ™%,
which probably correspond to the three modes expected
for a cubic structure, and two additional weak peaks at
954 and 879 cm™!. If the factor group were C,, rather
than Dy, as found for MnSiO; garnet by Fujino et al.
(1986), even more peaks would be present in the infrared
and Raman spectra, so that it is not necessary to invoke
the lower point symmetry to interpret the observed spectra
of MgSiOj; garnet (although this is not a conclusive argu-
ment for the higher symmetry tetragonal point group, and
a careful diffraction study will be required to determine
the true structure).

There is a prominent peak at 602 cm™! in the Raman
spectrum of MgSiO; garnet. This is a region commonly
assigned to vibrations of SiOSi linkages in condensed sili-
cates (McMillan 1984). As noted above, there is a peak
in the 500-600 cm™ ! region of grossular and pyrope, as-
signed to an A;, mode derived from OSiO bending of the
tetrahedral SiO, groups. In the case of MgSiO; garnet,
the tetrahedral SiO, units share corners with octahedral
SiO¢ groups, so such OSiO bending vibrations would also
be described as SiOSi linkage vibrations. We suggest that
this might be a good description for the peak at 602 cm !
in the spectrum of MgSiO; garnet.

We observe weak peaks at 693 and 670 cm ™! in the
infrared spectrum of MgSiO; garnet, which are not present
in the spectrum of pyrope (Fig. 2). These weak bands ap-
pear gradually with increasing MgSiO; content in the pyr-
ope-majorite garnet series discussed below. Jeanloz (1980)
suggested that a similar weak peak in the infrared spectrum
of Fe-rich natural majorite could be due to a vibration
of octahedral SiO¢ groups in the structure. If so, these
would be more likely due to deformation fibrations of the
SiO¢ groups rather than Si—O stretching (Williams et al.
1987). Although this could be a useful interpretation of
the bands in the infrared spectra, the Raman spectrum of
pyrope, which contains no SiOg4 units, also shows weak
peaks in this same region.

Two of the most interesting features of the MgSiO,
spectra are (a) that the observed peak positions are very
similar to those of pyrope (except for additional bands due
to the lower symmetry), and (b) that the peak widths in
both phases are similar. The first observation suggests that
the vibrational spectra are little affected by replacing 2Al
by Mg+ Si within the garnet structure, and the second sug-
gests that both pyrope and MgSiO; garnet have similar
degrees of cation order. Since previous X-ray studies and
our present >’ Al NMR results indicate an ordered structure
for pyrope, we suggest that MgSiO; garnet is also perfectly
ordered, with Mg on dodecahedral sites, Mg+ Si ordered
on octahedral sites, and Si on tetrahedral sites. Both obser-
vations together suggest that there should be little difference
in vibrational or configurational entropy between the end-
member pyrope and MgSiO; garnets.

Garnets in the Mg;Al,8i;0,, — Mg,Si,0,, Series

The infrared and Raman spectra of four garnets in the
Mg;Al,Si;0,, — Mg,Si,O;, (Py—Mj) solid solution series
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Fig. 3. Raman spectra of garnets along the Mg;Al,Si;0,, (Py)—
Mg,Si,0;, (Mj) join

are shown in Figures 3 and 4. The weak sharp Raman
peaks at 826 and 858 cm ™! observed for the PysoMj,; com-
position correspond to a trace of forsterite impurity, not
observed by X-ray or optical examination. Pure pyrope gar-
net contains Si on tetrahedral sites, Al on octahedral sites,
and Mg in eight-fold coordination to oxygen. Addition of
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Fig. 4. Infrared spectra of garnets along the Mg;Al,S8i;0,, (Py)
— Mg.Si,04; (Mj) join

MgSiO; component formally replaces aluminium in the
pyrope structure by silicon and magnesium. The garnets
in the Py — Mj series studied all have much broader Raman
bands (FWHM =40-50 cm™!) than pyrope. Such line
broadening is generally associated with structural disorder
over lattice sites. Since the crystal chemical substitution in
the Py — Mj garnet series is formally Mg+ Si=2Al on octa-
hedral aluminium sites, the band broadening could be asso-
ciated with simply Mg, Si and Al disorder over octahedral
sites in intermediate garnets, but there could also be dis-
order on tetrahedral and/or dodecahedral sites. In order
to partly resolve this question, we obtained 27Al MAS
NMR spectra for two samples in the Py—Mj series
(PysoMj,, and PysoMj,;). The NMR spectra (Fig. 5) show
a single strong peak near 2 ppm (there is a small shift to
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Fig. 5. 27Al MAS NMR spectrum of pyrope (Py) and the interme-
diate garnets Pyz,Mj, s and PysoMj,,

lower ppm values with increasing Mj content), consistent
with only octahedral (i.e., no dodecahedral or tetrahedral)
aluminium in these garnets (Muller et al. 1981). This result
strongly suggests that cation disorder is confined to Mg—
Si— Al mixing on the octahedral sites within the Mg;Al,
Si,0,, — Mg,Si,O,, garnet series. This type of disorder
was assumed by Akaogi et al. (1987) along with thermo-
chemical data to calculate phase relations within the system
Mg,Si,0,, —~Mg;Al,Si;0,, at mantle pressures and tem-
peratures. These workers also assumed that no cation dis-
order was present in end-member Mg-majorite. Our results
suggest that both of these assumptions were valid, and that
the phase diagrams proposed by Akaogi et al. (1987) are
essentially correct.

There is remarkably little shift in the vibrational fre-
quencies with composition within this garnet series, suggest-
ing that the Mg+ Si=2Al substitution has little effect on
the garnet force field. This in striking contrast to the ob-
served spectral differences between Al,O5; corundum and
MgSiO; ilmenite (McMillan and Ross 1987). This invar-
iance in peak positions for the garnets suggests that the
substitution has little effect on the vibrational entropy, and
that any entropy of mixing arises from the configurational
terms.
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There are some small systematic changes in the infrared
specira which can be understood on crystal chemical
grounds. Moore et al. (1971) have suggested that the sepa-
ration of bands C and D (907 and 877 cm™ ! for pyrope),
or site group splitting, is indicative of the degree of distor-
tion of the SiO, groups in the garnet. Despite the observed
band broadening, the site group splitting remains nearly
constant across the series at 30-35 cm ™!, showing that the
distortion of the SiO, groups is unchanged. Novak and
Gibbs (1971) have shown that the tetrahedral Si—O bond
length in silicate garnets is insensitive to the nature of either
the octahedral or dodecahedral cations, as long as the mean
radius of the dodecahedral cation is less than 1 A, which
would be the case for Mg?* (or Fe?™ in Fe-majorites).
On the other hand, the angular distortion of the SiO, unit
is dominantly dependent on the nature of the dodecahedral
cation. However, this is likely to remain Mg®" throughout
the present series, as discussed above. Both arguments are
consistent with the observed constant site group splitting
within the present Py —Mj garnet series. For comparison,
Jeanloz (1981) found a site group splitting of 55 cm ™! for
a natural meteoritic majorite sample Mg, ,oFe, ,,)S105,
which suggests that iron substitution in the dodecahedral
site has a large effect on distortion of the SiO, group. We
cannot simply estimate the site group splitting for the Mg-
majorite end member, due to the extra peaks appearing
associated with the lowered symmetry (Fig. 2; Table 1).

Moore et al. (1971) also defined a factor group splitting
for silicate garnets, defined as the frequency ratio of infra-
red bands (B—(C+D)/2) (bands B, C and D for pyrope
occur at 976, 907 and 877 cm ! respectively), which indi-
cates the degree of vibrational interaction between SiO,
groups within the unit cell. In contrast to the small change
in site group splitting observed for the Py—Mj garnets,
the factor group splitting increases from 84 cm ™! for pyr-
ope to 122 cm ™! for the composition Py,,Mjsg (bands B,
C and D identified at 1004, 900 and 864 cm ™~ * respectively).
This is the largest factor group splitting yet reported for
any garnet, and indicates a strong vibrational coupling be-
tween SiO, groups. This is probably associated with the
formation of strong SiOSi linkages between tetrahedral and
octahedral silicate units as Mg+ Si is substituted for 2Al
on octahedral sites, and is consistent with our interpretation
of the strong 602 cm~' Raman band of MgSiO, garnet
as an SiOSi linkage vibration.

Natural Shock-Produced (Fe,Mg) Majorite

Finally, in Figure 6 we show the Raman spectrum of a
natural majorite sample (Mg, -oFe, ,,)Si03, extracted by
Jeanloz (1980) from a thin section of the Catherwood mete-
orite (Coleman 1977). The Raman spectrum is similar to
that of pyrope. The principal Si— O stretching peak remains
at the same frequency (928-929 cm ™), while the 868 cm ™ *
peak of pyrope has probably shifted to become the shoulder
in the majorite spectrum near 900 cm~*. The two modes
of pyrope at 562 and 648 cm ™! have also incresed in fre-
guency, to become the 592 and 700 cm ™ * peaks of majorite.
The 562 cm~* band of pyrope is derived from an OSiO
bending vibration of the SiO, tetrahedra. The increase in
frequency with increasing majorite content may reflect an
increased stiffening in the net OSiO bending force constant
as Si is substituted for Al in the octahedral site. Although
it is difficult to tell with the broad background in the major-



434

CTS/S% X10E2 o
&
2.800.]
Catherwood
2, 660 | (Mg. 79Fe. 21 4514012
i o
B g §
P
2.5201 a @
&
I
| 5
< o H
3 ]
2,380 8 @
2,240 iy .
Fig. 6. Raman spectrum of a natural
sample of (Fe,Mg) majorite garnet from
; — ; - — - Catherwood meteorite
200.0 400.0 600.0 800. 0 1000, 0 1200.0

Raman shift (cm-1)

ite spectrum, we find no evidence for extra weak peaks
or mode splitting suggesting a deviation from cubic symme-
try. This is consistent with the X-ray and infrared study
of Jeanloz (1980) on the same sample. The broad weak
background features could form part of the natural major-
ite spectrum, which would indicate some disorder or strain
in the structure, or could be due to some diaplectic glass
mixed in with the majorite (Price et al. 1979; Jeanloz 1980).
The peaks for this natural majorite are visibly narrower
than those for intermediate garnets in the Py—M)j series,
suggesting a greater degree of order on the cation sites.
In the present study, we have suggested that Mg and Si
may be ordered within the octahedral sites of MgSiO, gar-
net. It is possible that within the natural majorite, Fe and
Mg are ordered on dodecahedral sites, and (Fe,Mg,Si) are
ordered within the octahedral sites. However, this would
result in peak splitting in the infrared and Raman spectra,
since the SiO, sites would have lower than S, symmetry.
No such splitting was detected at the present resolution.
More work will be needed to characterize the cation site
distributions of Fe-containing majorites, both for samples
prepared via high temperature-high pressure synthesis rele-
vant to mantle phase equilibria, and samples produced by
shock.
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