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Single-crystal IR- and UV/VIS-spectroscopic measurements
on transition-metal-bearing pyrope:
the incorporation of hydroxide in garnet
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Abstract: Pyrope single crystals doped with transition-metal ions (Co, Cr, Ni, Ti and V) were synthesised in a pis-
ton-cylinder device at 950-1050°C and 25 kbar. Stoichiometric oxide mixtures were used as starting materials and
distilled water was used as a fluid flux. Crystals up to 2 mm in size were grown. Microprobe analysis and optical
absorption spectroscopy were used to determine on which positions and in which oxidation states the transition-metal
ions are incorporated in the pyrope structure. Cr3*+-ions occupy the octahedral site and Co2+ and Ni2+ the dodecahe-
dral site. Although extra metallic Ti was included in the synthesis of Ti-bearing pyropes, only Ti4* and no measur-
able Ti3* could be stabilised on the octahedral site. The optical absorption spectra of V-bearing pyropes show, in
addition to the spin-allowed dd-transitions 3T 4(F) — 3Ty(F) at ~ 17000 cm~! and 3T 4(F) — 3T} 4(P) at ~ 20000 cm-!
corresponding to V3+ on the octahedral site, absorption bands which are thought to be caused by dd-transitions of V3+
in the tetrahedral site and V4+ on octahedral and tetrahedral sites. V4+ was not observed in silicate garnets before. IR
spectra in the OH- stretching region between 4000 and 3000 cm-1, obtained on pyrope single-crystals which only con-
tain divalent and trivalent transition-metal ions like Ni2+, Co2+, and Cr3+, are similar to that normally shown by end-
member pyrope (Geiger et al., 1991). At room temperature the spectra show a single band at ~ 3630 cm-!, which
splits at ~79 K into two bands of smaller FWHM’s at ~ 3618 cm~! and 3636 cm~!. These bands are assigned to OH~-
-stretching modes resulting from the hydrogarnet substitution. The spectra of Ti4+-bearing pyrope measured at 298
K show four OH--stretching bands at approximately 3686, 3630, 3567 and 3527 cm-!. At ~79 K the band at 3630
cm-! splits into two narrow bands at 3636 cm-! and 3614 cm-!. This suggests that additional OH- substitutional
mechanisms occur in Ti-containing garnets. In the IR spectrum of a V4+-bearing pyrope the same number of
OH—stretching bands is observed, suggesting that higher charged cations cause additional OH- substitutions and
increased OH- concentrations in garnet. The IR spectra of most natural pyrope-rich garnets appear to be different
from those of the synthetics, which suggests that they are not characterised by the hydrogarnet substitution. However,
the OH —substitution mechanism and concentrations in garnets from grospydite or similar parageneses are similar to
those of the synthetics, which may reflect their formation in water-rich environments.

Key-words: UV/VIS and IR absorption spectroscopy, transition-metal ions, pyrope, OH™—groups, hydrogarnet sub-
stitution, grospydites.

Introduction and geophysical processes is of fundamental geo-

logical importance. However, it is not clear how

The question of the bulk-water content of much water is present or in what form at the pres-
Earth’s mantle and its influence on petrological  sures and temperatures of Earth’s interior. It has

*e-mail: NMP46@rz.uni-kiel.de
DOI: 10.1127/0935-1221/2000/0012-0259 $ 3.25

© 2000 E. Schweizerbart’sche Verlagsbuchhandlung. D-70176 Stuttgart



260

been shown that small or trace amounts of OH-
(loosely referred to as water) are located in nomi-
nally anhydrous minerals (e.g. Martin & Donnay,
1972; Wilkins & Sabine, 1973; Bell & Rossman,
1992b), where it can influence both geophysical
and geochemical processes. Since garnet is one of
the important minerals of the upper mantle and
transition zone, much work has been done to
investigate the incorporation of a hydrous compo-
nent into its structure (e.g. Ackermann et al., 1983;
Aines & Rossman, 1984; Rossman et al., 1989;
Geiger et al, 1991; Bell & Rossman, 1992a;
Khomenko et al., 1994a; Withers et al., 1998;
Matsyuk et al., 1998). The only experimentally
substantiated substitution mechanism for the
incorporation of OH- groups in garnet, although
others must exist, is the hydrogarnet substitution,
which is the exchange of one Si4+ cation by four
H*, leading to the formation of (OH):’ clusters
(e.g. Cohen-Addad et al., 1967, Lager et al.,
1989). Detailed structural information relating to
this substitution in katoite (Ca3;Al,[O4Hy);) and in
katoite-grossular solid solutions is given by Lager
et al. (1989). Based on the symmetry of (OH),”
clusters, two OH--stretching bands occur in the
MIR spectra of such garnets (Harmon et al.,
1982). For the complicated “multi-band” spectra
of some natural garnets (Rossman et al., 1989),
other OH--substitution mechanisms than the
hydrogarnet substitution have been proposed, but
never substantiated. On the basis of X-ray diffrac-
tion studies, Basso et al. (1984) proposed more
general substitutions in which protons substitute
for cations not only on the tetrahedral, but also on
the octahedral and dodecahedral sites. Cho &
Rossman (1993) showed in a solid-state proton
NMR study on grossular that, besides four proton
clusters, two proton clusters can also be identified.
Khomenko et al. (1994a) argued that the substitu-
tion of Ti4+ for AI3* on the octahedral site in
pyrope is coupled with the incorporation of OH-
groups on the tetrahedral site in the form of
[O(OH);]5- clusters.

Some studies have also investigated the role of
garnet composition on the resulting IR spectra, but
only in the case of natural garnets (Bell &
Rossman, 1992a; Matsyuk et al., 1998). Little is
understood with regard to the question of garnet
chemistry and the type and number of OH-
absorption band(s) which have been observed. The
problem is difficult to address, because the con-
centrations of OH- are typically very low and
because natural garnets are compositionally com-
plex and have usually experienced a complex P-T
history. The best way to address these questions is
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to undertake experimental studies in the laborato-
ry, because garnet crystals of well-defined compo-
sition can be synthesised under controlled pressure
and temperature conditions.

We used this experimental approach herein. To
begin, we synthesised pyrope-rich garnets contain-
ing small concentrations of various transition
metal cations (i.e. Co, Ni, efc.) at high pressure
and high temperature under water-saturated condi-
tions. We characterised these pyropes with elec-
tron microprobe analyses and UV/VIS absorption
spectroscopy to determine the site substitution and
valency of the different cations. Finally, we stud-
ied the single crystals by IR methods to discern the
OH- substitution mechanism(s) and to determine
the OH- concentrations. Withers et al. (1998) have
shown that the OH- contents in hydrothermally
synthesised end-member pyrope begin to decrease
at pressures around 6 GPa. It remains to be
explored, though, what effect the incorporation of
various transition-metal cations have on OH--con-
centrations. We have focused our attention on
pyrope-rich garnets for two reasons. First, they
tend to show the simplest IR spectra of the silicate
garnets. Second, petrologically important high-
pressure garnets of the upper mantle are pyropic in
composition.

Experimental methods
Synthesis

A number of different pyrope-rich composi-
tions were prepared using various oxide mixtures.
The oxides used in the synthesis experiments are
the following: Al,O; (Heraeus, 99.99 %), CoO
(Johnson Matthey, 95 %), Cr,O; (Johnson
Matthey, 99.997 %), MgO (Heraeus, 99.99 %),
NiO (Johnson Matthey, 99.998 %), SiO,
(Chempur, 99.99 %), Ti,O; (Johnson Matthey,
99 %), and V,05 (Johnson Matthey, 95 %). We
started by preparing an oxide mixture of pyrope
composition (3MgO, Al,03, 3Si0,). Different gar-
net compositions were also prepared containing
various transition metal ions which were to be
incorporated into pyrope-rich solid solutions. For
the preparation of the final compositions, we com-
bined together certain percentages of the pyrope
mix together with a transition-metal-containing
mix (Table 1). The solid-solution compositions
consisted generally of 3 to 10 mole % of the tran-
sition-metal garnet component and 90 to 97
mole % pyrope component. The oxides MgO,
Al O3 and SiO,, prior to weighing, were fired in Pt
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crucibles at 1000°C for a minimum of 10 hours to
remove adsorbed water and any combustible con-
taminants. The transition-metal oxides were dried
for at least 12 hours, but only at 120°C to avoid
oxidation. The homogeneity of the starting mixes
was ensured by grinding them intimately under
distilled H,O in an agate mortar for about two
hours and examining the mix under a binocular
microscope. Both the oxides and their mixtures
were stored in a desiccator prior to synthesis.

The single-crystal syntheses were undertaken
using a piston-cylinder device. 100-150 mg of
oxide mix and 5-7 pul of doubly distilled H,O, used
as the fluid flux, were added to Au capsules with
outer dimensions of 5 mm diameter and 8 mm
length and with a wall thickness of about 0.5 mm.
Different oxidising or reducing agents were added
to the capsules in some cases in order to fix or
direct the oxidation state of the transition metals
during synthesis (Table 1). The capsules were
sealed and placed in a 19.05 mm diameter salt
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assembly as described in Cemic et al. (1990). The
synthesis conditions and durations of the experi-
ments are given in Table 1. The P-T conditions
were chosen to produce large single crystals
(Geiger et al., 1991). A total of about 30 experi-
ments were undertaken of which about half are
reported herein. After a run, the capsules were
checked to see that they remained tight and that
water was present during garnet growth.

Characterisation
Microprobe analysis

The composition and chemical homogeneity
of the garnet crystals were characterised by elec-
tron-microprobe analysis using a Camebax micro-
probe. The beam size was 1 um in diameter with
an accelerating voltage of 15 kV and a beam cur-
rent of 15 nA. For each measurement, 20 s count-

Table 1. Composition of the starting materials and synthesis conditions.

Sample Composition of the P T Duration Other
label oxide mixture [kbar] [°Ct [h] phases*
Imole %]

BOO6 97 % Mg;Al;Si;04, 25 1050 18 -
3 % Mg;Cr,Si;04,

K007 97 % MgsAl,Siz0,, 25 950 17 -
3 % NizAl,Si;0,,

BOO8 97 % Mg,AlLSi0,, 25 1050 18 -
3 % Mg,V,Sis0,,

K017 97 % Mg,AlL,Sis0,, 25 950 17 \Y%
3 % Mg,V,Si;0,,

K020 90 % MgsALLSi;04, 25 950 18 -
10 % MgsV,Sis0;,

K021 96 % Mg;AlLSi;04, 25 950 20 -
3 % Mg,V,Si;0,,
1 % MgsTi,Si;0,,

K012 97 % Mg;AlLSi;04, 25 950 17 Ti
3 % Mg;Ti,Sis042

POO1 97 % Mg;Al,Si;04; 25 990 22 Ti
3 % Mg;Ti,Si;01,

K016 97 % Mg;Al,Si;04, 25 950 20 -
3 % Mg,Ti,Siz04,

K008 98 % Mg;Al,Siz04, 25 950 17 -
2 % Mg,Ti,Si;0:,

K005 97 % Mg;Al,Sis0,, 25 950 17 -
3 % Co3Al,Si304,

KO18a 80 % Mg;Al,Si;0,, 25 950 16 -
20 % Co3Al,Si;04,

K0O18b 60 % Mg,Al;Si;0;, 25 950 17 -
40 % Co3Al,8i304,

KO18c 40 % Mg;Al,Si:0;4, 25 950 20 -
60 % Co03Al,Si;04,

K018d 20 % Mg,Al,Si;0,, 25 950 16 -
80 % Co,;Al,Si;0,,

KG001 100% Co3AlL,Si,0,, 25 950 17 -

* used to buffer or to act as a reduction or oxidizing agent.
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ing time was used on the peak centre and for the
background 10 s on each side of the peak. The fol-
lowing standards were used: MgO for Mg, Al,0O4
for Al, natural wollastonite for Si and Ca, Co for
Co, Ni for Ni, V for V, Cr,0; for Cr, TiO, for Ti.
The data correction program employed was sup-
plied by Cameca and is entitled PAP (Pouchoux &
Pichoire). Line scans were made to check for com-
positional zonation.

Optical absorption spectroscopy

For the optical absorption spectroscopic mea-
surements, doubly polished plates of varying
thickness were prepared from the single crystals.
Measurements were made at the California
Institute of Technology using a home-made diode
array microscope spectrometer in the UV and vis-
ible region (VIS) and a Nicolet 60SX FT-IR spec-
trometer in the NIR and MIR region. The beam
size was selected to be between 20 and 100 um in
diameter. The spectra were recorded in different
wavelength regions and then merged to give the
final spectrum between approximately 40000-
5000 cm-!. The spectral resolution was 4 cm-! in
the infrared and 1 nm in the VIS and UV range. A
Si detector and SiO, beamsplitter with either a Xe
or W source were used for the measurements.
Between 48 and 1024 scans were collected for
each spectrum.

IR spectroscopy

Measurements in the wavenumber region
between 4000 and 3000 cm-! were undertaken at
Kiel on the same crystal platelets with a Bruker
IFS 66V/S FT-IR spectrometer equipped with an
infrared microscope. A HgCdTe detector, a KBr
beamsplitter and a SiC source were used in the
measurements. The spectral resolution was 4 cm-!
and the beam diameter was adjusted to account for
the crystal size and the inclusion density and var-
ied between 20-50 pum. Low-temperature mea-
surements (~79 K) were undertaken using a HSF
91 Linkam cooling system. For quantitative eval-
uation of the OH- bands, integrated intensities
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were determined as sums of all intrinsic OH-
bands using the program Origin 3.73 with a peak
fitting module (Microcal Software, Inc.).

Results
Synthesis results

Syntheses often produced large single crystals
up to 1-2 mm in size. The results are summarised
in Table 2. We were not successful in growing
large single crystals with Mn2+ or Fe2* on the
dodecahedral site. Such synthesis experiments are
not described herein. Many syntheses resulted in
the growth of better than 95 % garnet, but in some
cases additional phases, normally occurring as
fine-grained material, were identified. The exper-
iments herein were not made with excess SiO,,
but this is not considered to have an effect on the
substitutional mechanism or the OH- concentra-
tions (see Geiger et al., 1991). The synthetic
pyrope-rich crystals are generally euhedral and
show well developed {110} and sometimes {211}
faces. The colour of the crystals varies greatly
reflecting the incorporation of the different transi-
tion-metal cations. Chromium- and Ni-bearing
pyropes are light pink to red, Co-bearing pyropes
are light to dark violet-red, depending on their Co
concentration, V-bearing pyropes are dark green-
ish blue and the Ti-bearing pyropes are colour-
less. Single crystals generally contain small
inclusions, which consist of H,O and/or unreact-
ed or partially reacted starting materials. The Co-
and Ni-bearing pyropes contain small inclusions
of Co-spinel or Ni-spinel identified through
microprobe analyses. The inclusion density
increases from the rim to the centre of the crystals
(Geiger et al., 1991). Inclusion-free regions on
the rims are large enough to measure UV/VIS and
IR spectra without interference from the inclu-
sions.

Microprobe analysis

Structural formulae determined from the

Table 2. Description of the synthetic crystals.

Sample Color Diameter (mm)  Observed forms Inclusions
Cr-Pyrope pinkish-red 1.0-1.5 {110} water

Ni-Pyrope pink 1.0-1.5 {110} water, Ni-Spinel
V-Pyrope greenish-blue 1.0-1.5 {110}&{211}  water

Ti-Pyrope colourless 1.0-3.0 - water

Co-Pyrope violet-red 0.5-1.0 {110} water, Co-Spinel
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Table 3. Microprobe analyses of the single crystals.

Sample Cations per Formula Unit Sum Number of
label on a 12-oxygen basis data points

Mg Al Si cri+

B0O06 2.98(5) 1.93(3) 3.03(3) 0.04(4) 7.98(2) 27
Mg Al Si Ni

K007 2.98(4) 1.98(8) 3.01(6) 0.03(2) 8.00(3) 40
Mg Al Si v3+ Ti**

BOO8 3.00(6) 1.93(3) 3.01(3) 0.06(3) - 8.00(3) 40

K017 2.98(3) 1.85(4) 3.02(2) 0.13(4) - 7.99(1) 39

K020 2.97(2) 1.83(1) 3.01(2) 0.17(2) - 7.99(1) 23

K021 2.97(2) 1.89(1) 3.02(1) 0.06(1) 0.03(1) 7.97(2) 10
Mg Al Si Tit*

K012 3.01(2) 1.93(2) 3.00(2) 0.04(1) 7.99(1) 29

POO1 3.03(2) 1.95(2) 2.98(1) 0.04(1) 8.00(1) 28

K016 2.99(3) 1.95(2) 3.00(3) 0.05(1) 7.98(2) 19

KOO8 2.99(3) 1.94(3) 3.02(2) 0.03(2) 7.98(2) 40
Mg Al Si Co

K005 2.90(4) 1.97(2) 3.02(2) 0.10(4) 7.99(2) 41

KO18a 2.47(3) 2.01(1) 2.98(1) 0.56(2) 8.02(1) 14

KO18b 1.69(3) 2.03(2) 2.97(1) 1.32(4) 8.01(1) 15

KO18¢ 1.15(9) 1.98(2) 3.01(2) 1.86(8) 8.00(2) 16

KO18d 0.70(3) 2.01(2) 2.97(2) 2.34(2) 8.02(1) 15

KGOO1 - 1.98(2) 2.99(2) 3.04(4) 8.01(2) 12

microprobe analyses are listed in Table 3 (a list of
the oxide wt. percentages for analyses made on the
different garnets can be obtained from the first
author upon request). We found no evidence for
compositional zonation in individual crystals. Any
variations from garnet stoichiometry are probably
experimental artefacts (resulting from inclusions,
cracks, etc.) and do not reflect compositional devi-
ations. Therefore, all point analyses were aver-
aged. It was not always possible to determine
unambiguously where the transition-metal ions are
structurally incorporated on the basis of the calcu-
lated structural formulae, because their concentra-
tions are low. Moreover, it is possible in some
cases that they occur in different oxidation states,
which can not be easily measured by electron
microprobe techniques. Here optical absorption
spectroscopy must be employed.

Optical absorption spectra

The single-crystal optical absorption spectra of
the different pyrope-rich garnets, normalised to 1
cm thickness, are shown in Fig. 1 to 4. In order to
determine where in the garnet structure the differ-
ent transition metal cations are incorporated, liter-
ature data, together with Tanabe-Sugano diagrams
(Tanabe & Sugano, 1954) were used.

The spectrum of Cr3*-bearing pyrope (B006)
shows two broad bands at 18000 and 24500 cm-!
(Fig. 1). For a 3d3-ion in ideal octahedral coordi-

nation, three spin-allowed transitions from the
ground state “4A,,(“F) are predicted. They are
A (4F) — ATp(4F), 4An,(*F) — 4T 4(*F), and
4A2,(*F) — 4T 4(*P). The bands at 18000 and
24500 cm-! are assigned to the first two spin-
allowed transitions (Amthauer, 1976). The third
spin-allowed band occurs in the UV region where
it is hidden under a ligand-metal charge-transfer
band, which is significantly higher in intensity.
Spin-forbidden bands are not observed, because of
the low Cr3* concentration.

The theoretical group labels for Co2* (3d7-ion)
occurring in an ideal eightfold coordinated cubic
environment and octahedral Cr3+ are identical and
the same number of dd-transitions may appear
Bd3(oct.) = 3d7(cubic) - Burns, 19931 The spec-
trum of end-member Co3;Al,Si;0, (KG001)
shows three band envelopes centred at approxi-
mately 4333, 8079 and 18361 cm-! (Fig. 2). They
correspond to transitions from the ground state,
4A5,(*F), to the three spin-allowed excited states
4T ,(4F), 4T 4(4F) gnfi 4T, g_(4?), respectively (Rc_)ss
et al., 1996). Splitting within these three major
absorption envelopes results from a lifting of the
degeneracy due to the orthorhombic distortion of
the dodecahedral site. Moreover, in the highest-
energy envelope splitting due to spin-orbit cou-
pling or contributions from strong intensity
enhanced spin-forbidden transitions is also occur-
ring. Pyrope-rich cobalt-poor garnets (i.e.
Mg, 9Cog 1A1,Si304, — sample K0O05) show similar
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Fig. 1. Crystal-field spectrum of Cr-bearing pyrope
BO006.
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Fig. 3. Crystal-field spectrum of Ni-bearing pyrope K007.

spectra as end-member Co-garnet, except that the
bands are shifted slightly to higher wavenumbers.
This shift could be caused by stronger crystal
fields acting on the Co2*-ions at lower concentra-
tions. Spin-forbidden bands may be present
around 23000 cm-!, but are difficult to ascertain
with complete certainty.

The spectrum of Ni-bearing pyrope (Mg o9
Nig 01)3A1,Si30,, — sample K007) is shown in
Fig. 3. The spectrum consists of a split band locat-
ed at 20842 cm-! and two bands in the NIR region
at 9553 and 6313 cm-!. The spectrum of a pyrope
with a higher Ni-content (Mg g,Nij5); Al,Siz
0,), measured by Ross et al. (1996), also shows
two transitions in the NIR-region, which, howev-
er, are located at lower energies of 6210 and 4070
cm-1. At higher energies a split band is observed at
20640 cm-1. The ground state of Ni2* in an ideal
eightfold-coordinated cubic environment is
3T 4(3F). The three bands are assigned to the three
spin-allowed transitions from the ground state to
3T2,(3F), 3A5,(3F) and 3T4,(3P) with increasing
wavenumbers, respectively. Although the site
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Fig. 4. Crystal-field spectrum of V-bearing pyrope
B008.

symmetry of the Ni2* cation is orthorhombic, the
dd-bands are not as greatly split as in the case of
Co-bearing garnet (Fig. 2). The reason for this is
not understood. Ross et al. (1996) showed that,
although the Ni2+-ionic radius is smaller than that
of Mg2+, the pyrope structure opens up with
increasing Ni concentration. The shift of the bands
to higher wavenumbers in the spectrum of our Ni-
bearing pyrope, as compared to those in the garnet
of Ross et al. (1996), might be a result of such
changes in the garnet structure. However, the
expected energy ratio of the transitions 3T, ,(3F) —
3T2,(3F) and 3T ,(3F) — 3A5,(3F) is not in agree-
ment with that predicted by the Tanabe-Sugano
diagram for a 3d8-ion in ideal eightfold coordina-
tion and this assignment can not be made with
complete confidence. Spin-forbidden bands are
difficult to observe except for a possible band
around 13500 cm-1.

The V-bearing pyropes show the most compli-
cated spectra. A typical spectrum is that of V-bear-
ing pyrope B008 (Fig. 4). Bands are located at
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approximately 24824, 20607, 16566, 14590,
13038, 9133 and 6855 cm-!. The crystal-field
spectra of natural garnets containing V3* on the
octahedral site show two dd-transitions. They are
located at 17600-16000 cm-! and 24500-22500
cm-! depending on composition (Schmetzer &
Ottemann, 1979). They are assigned to the
spin-allowed transitions 3T 4(3F) — 3T,,(3F) and
3T14(3F) — 3T 4(3P). A comparison of our spectra
with the spectra of V3+- and V4*-doped yttrium
aluminium garnet (Weber & Riseberg, 1971) sug-
gests that not only V3+ is present, but also V4+. The
spectrum of the V-doped YAG’s show seven dd-
transitions having band energies similar to our
synthetic V-bearing pyrope, except that each is
shifted to slightly higher wavenumbers. Therefore,
in sample BOOS the transitions at 24824 and 16566
cm-! are assigned to V3* in octahedral coordina-
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tion, all others, except for the transitions in the
NIR region, to V4* in either octahedral (20607
cm~! A 2T,,(2D) — 2E4(?D)) or tetrahedral (14590
and 13038 cm-! A split 2E,(2D) — 2T,4(2D)) coor-
dination (Weber & Riseberg, 1971). The transi-
tions in the NIR region of V-doped YAG could not
be satisfactory assigned by Weber & Riseberg
(1971). They suggest that they result from V2+ in
dodecahedral or V3+ in tetrahedral coordination.
We believe that the first case is improbable,
because the presence of V4* suggests oxidising
conditions during crystal growth. Our assign-
ments, however, have to be treated carefully,
because no spectra showing V4+ in silicate garnets
are available for comparison. The V3+/V4+ ratio in
the V-pyropes is difficult to quantify, but based on
the integrated intensities of the bands and consid-
ering the Laporte selection rule, it is probable that

Table 4. Peak positions and full width at half-maximum height (FWHM) at 298 K (RT) and 79 K (LN) and calcu-

lated water contents of the synthesised garnets.

Sample A CHZO* Peak positions and (FWHM) at
[wt. %] 298 K (RT) und 79 K (LN)
[em?] [em']
Cr-Pyrope 440 0.03 RT 3627 (50) - - -
{BOO6)
LN 3638 (11) - - -
3613 (16)
‘Ni-Pyrope 480 0.03 RT 3629 (66) - - -
(K007)
LN 3638 (11)
3613 (16)
Co-Pyrope - - RT 3624 (64)
(KGO0 1)
V-Pyrope 230 0.02 RT 3630 (66) - - -
(BOO8)
LN 3639 (12) - - -
3615 (16)
V-Pyrope 700 0.05 RT 3663(22) 3632(27) 3587 (21) 3520 (52)
(KO17) 3616 (18)
LN 3674 (11) 3639(12) 3584 (16) 3519 (29)
3619 (19)
V-Pyrope 109 0.01 RT 3629 (52) - -
(K020}
V,Ti-Pyrope 800 0.06 RT 3685 (15) 3629 (66) 3568 (26) 3527 (43)
(K021)
LN 3696 (12) 3640 {15) 3566 (26) 3523 (24}
3612 (47)
Ti-Pyrope 760 0.05 RT 3686 (15) 3630(70) 3567 (23) 3527 (34)
{(K012)
LN 3697 (12) 3639(12) 3565 (18) 3520 (27)
3611 (20)
Ti-Pyrope 590 0.04 RT 3686 (16) 3628 (65) 3567 (26) 3527 (42)
(POO1)
Ti-Pyrope 610 0.04 RT 3686 (16) 3630 (64) 3566 (24) 3526 (37)
(KO16)
Ti-Pyrope 646 0.05 RT 3686 (16) 3631 (66) 3567 (24) 3526 (37)
(K008)
* after Bell & Rossman {1992a)
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the V3+ concentration is significantly higher than
that of V4+.

All our Ti-bearing pyropes show no absorption
bands in their UV/VIS and NIR spectra. Ti-rich
andradite-rich garnets show one dd-electronic
band which Manning & Harris (1970) proposed
indicated Ti3* on the octahedral site. However, if
Ti3+ was incorporated in pyrope, one spin-allowed
transition (2T,4(2D) — 2E,(2D)), with two compo-
nents due to Jahn-Teller splitting, should be pre-
sent at approximately 16000-20000 cm-!
(Khomenko et al., 1994b). Therefore, it is pro-
posed that titanium enters the pyrope structure in
its tetravalent state in our garnets, since no dd-
transitions are observed. Microprobe analyses
show that titanium substitutes for aluminium on
the octahedral site. However, it can not be exclud-
ed that Ti4* also enters the tetrahedral site in small
amounts (Reid ef al., 1976). In the case of andra-
dite, it has been shown that Ti4+ prefers the octa-
hedral site, but can also replace Si4* on the
tetrahedral site (Armbruster ef al., 1998).

IR spectroscopy

Single-crystal IR spectra of the different tran-
sition-metal containing pyropes are shown in
Fig. 5-13. All spectra are normalised to a sample
thickness of 1 cm to allow easy comparison. The
band maxima and integrated intensities and the
estimated water concentrations are listed in Table
4. The water contents were calculated after Bell &
Rossman (1992a).

The room-temperature spectra of pyrope con-
taining trivalent and divalent transition metal ions
such as Cr3+, Co2+ and Ni2+ (B006, K005, K007)
show a single OH- absorption band located at
approximately 3630 cm-! (Fig. 5, 6, and 7). In the
spectra of garnets with high Co concentrations
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Fig. 5. MIR spectrum of Cr3+-bearing pyrope B006 at
298 K.
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Fig. 6. Comparison of the MIR spectra of the
(Co,Mg);Al,Si30,, garnets at 298 K.
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Fig. 7. MIR spectrum of Ni2+-bearing pyrope K007 at
298 K.
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Fig. 8. MIR spectrum of Cr3*-bearing pyrope B006 at
79 K.

(K018a-b and KGO0O01), this band is obscured by a
broad dd-transition band centred at approximately
3450 cm-! (Fig. 6). At ~79 K the OH- band splits
into two bands centred at approximately 3636 and
3614 cm-! (Fig. 8 for Cr-bearing pyrope). In con-
trast, the Ti4+-bearing pyropes show more than
two absorption bands. Four bands are observed at
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Fig. 9. MIR spectrum of Ti4*-bearing pyrope K012 at
298 K.
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Fig. 10. MIR spectrum of Ti4*-bearing pyrope K012 at
79 K.

approximately 3686, 3630, 3568 and 3527 cm-! in
the room-temperature spectra (Fig. 9). The band at
3630 cm-! splits at 79 K into two bands located at
3636 and 3614 cm-! (Fig. 10). The spectra of V3+-
and V4+-bearing pyropes (e.g. B008, K020) show
only a single band spectrum (Fig. 11), whereas the
spectrum of pyrope K017 shows four absorption
bands located at 3663, 3630, 3587 and 3520 cm-!
(Fig. 12). As is the case for Ti-pyrope, the band at
3630 cm-! splits into two bands at approximately
3639 and 3619 cm-! at 79 K (Fig. 13). The spec-
trum of pyrope containing both V and Ti (K021 -
no spectrum shown) is most similar to the spec-
trum of Ti-pyrope.

Some of the MIR spectra show small oscilla-
tions, which are caused by interference effects in
the doubly-polished crystal platelets. In addition, a
broad band centred at 3500-3400 cm-! is present
in most spectra. It can be assigned to molecular
water which is present in tiny fluid inclusions.
These features do not affect the interpretation of
the spectra given below.
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Fig. 11. MIR spectrum of V-bearing pyrope B00S at
298 K.
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Fig. 12. MIR spectrum of V-bearing pyrope K017 at
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1.60 L - ! L
1.40
1.20
1.00+
0.80
0.60
0.40
0.20

0.00t
4000

Absorbance

3600 3400 3200 3000

Wavenumber [cm-1]

3800

Fig. 13. MIR spectrum of V4+-bearing pyrope K017 at
79 K.

Discussion
UV/VIS absorption spectra

The UV/VIS spectra and the microprobe data
on the Cr-, Ni-, Co-bearing pyropes indicate that
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these elements substitute for Al3* or Mg2* in
pyrope in a straightforward fashion with garnet
stoichiometry being preserved. For the Ti- and V-
bearing pyropes the case is more complicated.
Our UV/VIS spectra of Ti-pyrope are featureless
and thus indicate that essentially all Ti occurs in
the four-plus state. The microprobe analyses show
that it substitutes for Al on the octahedral site.
Spectra of synthetic Ti-pyrope were first mea-
sured by Khomenko ef al. (1994b). They pro-
posed that pyropes containing mainly Ti4*, but
also some Ti3*, could be grown from hydrother-
mal syntheses at high pressure. They based this on
the blue colour of their pyrope crystals, contain-
ing also blue rutile inclusions, whose spectra were
characterised by two absorption bands at 22300
and 16100 cm-! in the VIS region. We find the
presence of Ti3* surprising, as did they, consider-
ing the fO, prevailing in their syntheses. The low-
est fO5s used by them are defined by the
iron-wiistite buffer (some experiments were also
made under unbuffered conditions). The system
Ti-O contains two buffer assemblages Ti,O3-
Ti;05 and Ti;05-TiO,, the latter of which is locat-
ed about 5 to 6 log fO, units below Fe-FeO at
1-bar and 1000°C (Thinger & Stolper, 1986).
Since the AV’s of reaction of solid buffers are not
too different, we believe that Ti4* should have
been the predominant oxidation state in their
experiments if chemical equilibrium prevailed.
The UV/VIS spectrum they describe could be a
result of unobserved microscopic rutile inclusions
occurring in the pyrope. Indeed, their crystals are
very small and characterised by a high inclusion
density of rutile. Since Ti3* is present in the rutile,
however, there could also be some present in the
pyrope. At any rate, we believe that it is the pres-
ence of Ti4* in pyrope which gives rise to the
multi-band spectrum in the OH- stretching region
and not Ti3*. The spectra of V-bearing pyropes
indicate that octahedral Al is also replaced by V4+.
The incorporation of these two elements probably
leads to defects or vacancies in the garnet struc-
ture.

MIR spectra and OH- substitution mechanism(s)

The MIR spectra of the transition-metal bear-
ing pyropes, which show one absorption band at
room temperature and two at ~79 K, are similar to
the spectra of hydrothermally grown end-member
pyropes (Ackermann et al., 1983; Geiger et al.,
1991; Withers et al., 1998). The absorption bands
are assigned to OH- stretching modes resulting
from OH- occurring in the hydrogarnet substitu-
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tion. Two OH- stretching bands are 4predicted
based on a symmetry analysis of a (OH),™ tetrahe-
dron (Harmon ef al., 1982). The presence of the
transition metals Cr3+, Co2* and Ni2* in pyrope do
not change the OH- substitution mechanism from
that found in end-member pyrope. It appears that
OH- is not coupled with the incorporation of these
cations, because no additional substitution other
than the hydrogarnet one can be observed.
Furthermore, no strong energy shifts of the
OH--stretching modes, caused by local structural
distortions and charge density fluctuations (e.g.
mixed neighbour dodecahedral sites around the
tetrahedral sites as proposed by Aines & Rossman,
1984), were observed. The amount of OH- given
as H,O (Table 4) is also similar to that in end-
member pyrope (Geiger et al., 1991).

The MIR spectrum of Ti-bearing pyrope is
more complicated. Khomenko ef al., (1994a)
describe a spectrum with three OH- bands located
at 3684, 3567 and 3528 cm~! at room temperature.
The presence of three bands is not consistent with
the hydrogarnet substitution and, therefore, they
proposed the following OH- substitution mecha-
nism:

[6]AI3* + [41Si4+ + 402- = [6]Ti4+ + [(OH);015- (A)
Here three protons substitute for one Si4* cation
instead of four, and are coupled with Ti4* on the
octahedral site giving charge compensation. The
point symmetry of the [(OH);0]5- tetrahedron was
assumed to be 1, which would lead to a lifting of
the degeneracy found in the 4 3m symmetry of an
undistorted SiOZ‘_ tetrahedron. As a consequence,
three OH--stretching bands should occur.
However, we observe in our spectra of Ti4*-pyrope
the same three bands plus an additional OH- band
at 3630 cm-! (Fig. 9). This band can also be seen,
we believe, in the spectra of Khomenko et al.
(1994a), but its presence is difficult to ascertain
due to its low intensity and the noise in the back-
ground. Indeed, our low-temperature spectrum at
~79 K shows clearly a five band spectrum
(Fig. 10). Our interpretation is that the band at
3630 cm-! in the 298 K spectrum (which splits
into two bands at ~79 K as in the other pyropes)
reflects the hydrogarnet substitution. Thus, the
presence of the other bands would indicate that an
additional OH—-substitution mechanism is operat-
ing. OH-is present in these synthetic Ti-contain-
ing pyropes via at least two substitutions. It is
possible that substitution (A) could be the second
mechanism, but there is no one to one correlation
between the number of Ti cations per formula unit
and OH- groups. Khomenko et al. (1994a) consid-
ered this and concluded that there exist such large
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uncertainties in the estimations of the water con-
centrations in garnet that substitution (A) is possi-
ble. The estimated water concentrations for
Ti4+-bearing pyropes are higher than for pyropes
containing divalent or trivalent cations (Table 4).
It is proposed that the presence of four-valent
cations on the octahedral site in garnet leads to
increased incorporation of structural OH-, because
the latter is needed to maintain charge balance.

The MIR spectrum of the V4*-bearing pyrope
(K017) also shows four bands at 298 K including
one at 3630 cm-!. The other bands occur at 3663,
3587 and 3520 cm-!. The 3630 cm~! band splits at
~79 K into two as in the case of Ti-containing
pyrope (Fig. 13). Here, however, a different inten-
sity relationship between the bands at 3639 and
3619 cm-! is present. We believe that the incorpo-
ration of V4* in pyrope is largely octahedral as is
the case for Ti4t and, hence, the OH- substitution
mechanisms and OH- concentrations in both types
of pyropes are similar. In contrast, the spectra of
other V-bearing pyropes (B008 and K020) are the
same as that of end-member pyrope. The reasons
for this are not clear, because it is assumed that all
V-bearing pyropes contain both V3+ and V4*+. The
difference between the spectra of garnets B00S,
K020 and K017 can not be related to the total
amount of V, because sample K017 and K020 have
similar compositions (Table 3). We propose that
varying V3+/V4+ ratios are responsible for the dif-
ferent IR spectra. The MIR spectrum of pyrope
which contains both V4*+ and Ti4* is similar to the
spectra of Ti-bearing pyrope. No additional or
fewer bands are observed.

Geiger et al. (1991) observed a multiband
MIR spectrum for end-member pyrope synthe-
sised from a gel. The energies of the different
OH-Dbands are not the same as those of the Ti- and
V-bearing pyropes measured herein, but their
placements are somewhat similar. Hence, it is
possible that the OH--substitutional mechanisms
are similar.

Conclusions and geological implications

The MIR spectra of most natural high-pressure
pyrope-rich garnets have fewer OH- bands than
both synthetic pyropes containing 4+ cations and
natural grossular-rich garnets, but they are more
complicated than synthetics containing 3+ and 2+
transition metals. Natural pyrope-rich garnets are
generally characterised by spectra with less than 3
to 4 OH- bands (Aines & Rossman, 1984; Bell &
Rossman, 1992a; Matsyuk et al., 1998). Spectra of
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natural grossulars are much more complicated and
often show multi-band MIR spectra (Rossman &
Aines, 1991). The simplest interpretation is that
the substitution mechanisms of OH- in garnet, in
general, are largely a function of temperature of
crystallisation and/or defect concentrations (e.g.
grossular-rich garnets crystallise in low-tempera-
ture environments compared to pyrope-rich com-
positions). In the case of synthetic pyrope the OH-
substitutional mechanism(s) and OH- concentra-
tions do not appear to be directly coupled with the
presence of the most common divalent and triva-
lent cations which are typically found in natural
pyrope-rich garnets, when they substitute on the
dodecahedral and octahedral site, respectively. In
synthetics, as well as in natural pyropes (Bell &
Rossman, 1992a), more OH- can be incorporated
in Ti-bearing garnets. However, it is not clear why
natural pyropes, which normally have measurable
TiO, contents, have fewer OH- bands than Ti-
bearing synthetics. In the case of natural pyropes it
is difficult to separate out the effects of the physi-
cal conditions of crystallisation versus composi-
tion in terms of the incorporation of OH-. That is,
natural Ti-bearing pyropes may simply grow in
more chemically evolved and water-rich environ-
ments than those poorer in Ti.

The results of this study clearly show that the
incorporation of highly charged elements, which
change the normal mineral stoichiometry, proba-
bly by creating vacancies and/or defects, allow
additional OH--substitutional mechanisms and
greater OH- concentrations to be achieved.
Similar behaviour has been observed in the case of
olivine (Mg, Fe2+),S10, when Fe3* is incorporated
(Mackwell & Kohlstedt, 1990).

Synthetic pyropes, without tetravalent cations,
show a single band at 3630 cm~! at 298 K and a
two-band spectrum at ~79 K (Geiger ef al., 1991,
this work). The incorporation of small amounts of
Cr,O; or NiO does not appear to affect the
wavenumber of the absorption bands, nor does it
increase their number. Synthetic almandine shows
two bands at 298 K (3613 and 3490 cm-!) and ~79
K (3617 and 3592 cm-!) (Geiger et al., 1989). If
these two synthetic garnets are characterised by
the hydrogarnet substitution, which is the most
logical assumption, then we should expect natural
high-pressure pyrope-rich garnets, which consist
mostly of pyrope and almandine components, to
show a strong OH- absorption band around 3625
cm-! at 298 K. Most, however, do not show this.
Most natural mantle pyropes are characterised by
spectra with OH- absorption bands located
between 3645-3662 cm-! and 3561-3583 cm-!



270

(Matsyuk et al., 1998; Bell & Rossman, 1992a)
and, hence, would not appear to be characterised
by the hydrogarnet substitution. A small class of
pyrope-rich garnets belonging to the so-called “Ca
group” are, though, characterised by an OH- band
located at 3623-3631 cm~! (Matsyuk et al., 1998)
and they are the best candidates for having the
classic hydrogarnet substitution. Such garnets
come from grospydite parageneses or are from
corundum-bearing eclogites. Indeed, Beran ef al.
(1993) describe a grossular-rich garnet from a
grospydite xenolith having a single band at 3630
cm-!. This garnet is relatively H,O rich containing
about 0.062 wt. % H,O. Thus the OH-—substitu-
tion mechanism and the OH- concentrations are
similar to the synthetic pyropes. Other pyrope-rich
garnets from ‘“normal” mantle garnet peridotites,
however, would appear to have OH-—substitu-
tion(s) different from the hydrogarnet one. In addi-
tion, these contain much less H,O. This difference
is related to the lower fu,0 prevailing during the
growth of the the natural pyropes compared to the
synthetics. The similarities between synthetic
pyropes and garnets in grospydites indicate high
water fugacities in their formation. This is consis-
tent with the idea that grospydites result from the
metamorphism of rodingites.
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