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Abstract Single crystals of the garnet Mn>*sMn>*,[SiOy4]3
and coesite were synthesised from MnO,-SiO, oxide mix-
tures at 1000°C and 9 GPa in a multianvil press. The crys-
tal structure of the garnet [space group Ia3d,
a=11.801(2) A] was refined at room temperature and
100 K from single-crystal X-ray data to R1=2.36% and
R1=2.71%, respectively. In contrast to tetragonal
CasMn’*,[GeOy]s (space group I4/a), the high-pressure
garnet is cubic and does not display an ordered Jahn-Tell-
er distortion of octahedral Mn**. A disordered Jahn-Teller
distortion either dynamic or static is evidenced by unusual
high anisotropic displacement parameters. The room tem-
perature structure is characterised by following bond
lengths: Si-O=1.636(4) A (tetrahedron), Mn3+-0:o 1.995
(4) A (octahedron), Mn?*-0=2.280(5) and 2.409(4) A (do-
decahedron). The cubic structure was preserved upon
cooling to 100 K [a=11.788(2) A] and upon compressing
up to 11.8 GPa in a diamond-anvil cell. Pressure variation
of the unit cell parameter expressed by a third-order
Birch-Murnaghan equation of state led to a bulk modulus
Ky=151.6(8) GPa and its pressure derivatives K'=6.38(19).
The peak positions of the Raman spectrum recorded for
Mn?*3Mn**,[SiO4]; were assigned based on a calderite
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Mn?*3Fe’*,[SiO4]; model extrapolated from andradite
and grossular literature data.

Introduction

The natural occurrence of garnets, spessartine and spes-
sartine-almandine solid solutions with dodecahedral
Mn?*, are widespread in metamorphic and plutonic rocks.
However Mn?*-rich garnets with substantial substitution
of AI** by Fe** or Mn3" on the octahedral site are rare.
Only the garnet calderite, ideally Mn”*3Fe3*,[SiO4]s,
was reported in Mn?* and Fe** rich metasediments from
several occurrences (Lattard and Schreyer 1983; Reinecke
1987). The mixed-valence garnet Mn?*3Mn3*,[SiO4]; was
described as “blythite-component” in natural garnets by
Fermor (1926), but the name is not accepted by IMA. Re-
cently, the hypothetical garnet mineral “blythite” was
analysed as a minor component (8.5 mol%) in a natural
calderite-andradite garnet formed at 7<700°C and
P<0.5 GPa (Biihn et al. 1995). The presence of octa-
hedral Mn?* in these garnets was confirmed by means
of optical absorption spectroscopy (Amthauer et al. 1989).

The Mn’**-ion with 3d* configuration in octahedral
oxygen coordination is governed by the Jahn-Teller ef-
fect, e.g., by distortion from the ideal m3m octahedral
symmetry. The symmetry should be lower than cubic to
allow the 5Bg ground-state to be lifted. Since favoured
distortions are tetragonal elongation or compression, the
incorporation of Mn** on the six coordinated Y-site of
the cubic garnet structure was repeatedly disputed (Strens
1965; Rickwood 1968). Novak and Gibbs (1971) calculat-
ed several crystallographic data of garnets based on effec-
tive ionic radii. Due to reasonable bond lengths the “sta-
bility” of cubic Mn?**-bearing garnets was predicted and
the cell dimension of Mn?*3Mn>*,[SiO4]3 was extrapolat-
ed to a=11.85 A.

Mn>*-bearing cubic garnets were first synthesised by
Nishizawao and Koizumi (1975; Ca3Mn3+2[SiO4]§ with
a=12.060 A and Cd;Mn**,[SiOy4]; with a=11.987 A). La-
ter, Fursenko (1983) synthesised the end-member “blyth-



ite” Mn?*3Mn**,[SiO4]; at 4-6 GPa and 1000-1100°C
from an oxide mixture of 3MnO/Mn,03/3Si0;, composi-
tion. The resulting garnets were always accompanied by
tephroite (Mn,Si0O4). From the X-ray powder pattern, that
exhibited additional tephroite lines, Fursenko (1983) cal-
culated the cubic cell dimension a =11. 807(2) A. The
crystal structure of a complex synthetic Mn**-bearing gar-
net with the COH]pOSitiOl’l (Caz.43Mng 57) (Aly. 28M1’13+() 2)[-
SiO4]3 was refined by Arni et al. (1985) in space group
la3d (a=11.867 A). The cubic symmetry and the geome-
try of the Mn**QOg octahedron led the authors to conclude
that Mn>* does not cause an ordered Jahn-Teller distortion
in this garnet structure.

Tetragonal symmetry for garnet structures due to Jahn-
Teller distortion were reported for the natural Mn**-bear-
ing hydrogarnet henritermierite Caz(Mn**| 5Aly5)(-
Si04)2(OH)4 (Gaudefroy et al. 1969; Aubry et al. 1969)
and for some synthetic germanates. Recently Heinemann
(1997) studied a CazMn’*,[GeOy]3 garnet with octahedral
sites fully occupied by Mn>*. In contrast to Mn** garnets
with Si on the tetrahedral site, this garnet shows tetrago-
nal space-group symmetry (/4,/a) at ambient temperature
and as a result of the Jahn-Teller effect, the Mn>* octa-
hedra are uniaxially elongated. In a temperature depen-
dent study on CasMn>*,[GeO,]; Miletich et al. (1997)
demonstrated that dynamic positional disorder of the ori-
entation of the elongated direction of the Mn** octahedra
increases above 270 K thus leading to cubic symmetry at
about 500 K (personal communication to Armbruster).

It should be noted, that the synthetic high pressure gar-
net Mn?*3(Mn2*Si**)[SiO4]3 (Ringwood and Major 1967;
Akimoto and Syono 1972), the structure of which has
been refined by Fujino et al. (1986), has a different stoi-
chiometry and cation distribution. Si occupies half of the
octahedral sites in an ordered fashion, whereas Mn%* oc-
cupies the remaining sites. As a result of the cation order,
the symmetry reduces to tetragonal (space group 14\/a;
a=11.774 and ¢=11.636 A). In the natural V> -garnet
palenzonaite (Ca;Na)Mn,[VOy]s, the octahedral site is
completely occupied by Mn?** (Basso 1987).

Almost all natural garnets are solid solutions between
several end-members. Numerous garnet systematics stim-
ulate the synthesis and study of end-member garnets in or-
der to understand the physical properties of the solid so-
lutions and their behaviour as a function of pressure and
temperature. This is especially important in calderite —
andradite or “blythite” - andradite solid solutions, since
the stability ranges of the end-members are extremely dif-
ferent (Schreyer and Baller 1980; Lattard and Schreyer
1983). In this study we present the synthesis of the “blyth-
ite” end-member Mn*sMn3*,[SiO4]3, structure refine-
ments from single crystal X-ray data at 100 K and
293 K, characterisation by Raman-spectroscopy, and in-
situ compression data up to 11.8 GPa.
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Experimental technique

The starting material for the synthesis of Mn?*3Mn**,Si30,, garnet
(“blythite”) consisted of a mixture of MnO, and excess SiO,. Ap-
proximately 4 mg of finely ground oxide mix and 0.2 ml of H,O
(added by a micro-syringe) were welded into a Pt capsule with
1.6 mm outer diameter. The synthesis was performed at 9 GPa pres-
sure and 1000°C for 8 h in a Walker-type multianvil apparatus
(Walker et al. 1990). Tungsten-carbide cubes with truncated edge
lengths of 12 mm were used. The pressure transmitting octahedron
and gasket-fins were fabricated from MgO-based castable ceramics
(Ceramcast 584), and have been fired at 1150°C for at least 10 h.
Stepped graphite heaters of 3.5 mm outer diameter were used to
minimise thermal gradients. Pressure calibration is based on the fol-
lowing phase transitions: CaGeOs: garnet — perovskite (6.1 GPa at
1000°C, Susaki at al. 1985), TiO,: rutile — «o-PbO, structure
(7.7 GPa at 1100°C, Akaogi et al. 1992), SiO,: coesite — stishovite
(9.1 GPa at 1000°C, Yagi and Akimoto 1976). The successful syn-
thesis of blythite-garnet, containing divalent and trivalent Mn, is the
result of an extremely oxidising starting material (all Mn**) and a
time dependent reduction during the high-pressure synthesis in the
multianvil apparatus. The quenched sample consisted of orange-
red “blythite” and colourless coesite crystals ranging in size up to
0.3 mm (identified by micro-Raman spectroscopy). Raman spectra
were excited by the 632.8-nm line of a HeNe-laser. The Raman sig-
nal was analysed with a Dilor Labram II detection system. Spectra
were collected at 293 K and measured from 100 to 4000 cm™'.

A “blythite” crystal of approximately 50x75x100 um in size was
employed for the structure refinement. Data were collected on an
ENRAF NONIUS CAD4 single-crystal X-ray diffractometer using
graphite-monochromated MoKo. X-radiation. During the low-tem-
perature measurement at 100 K the crystal was cooled with a liquid
nitrogen cooling device. Diffraction data with an ®-scan of

Table 1 Refined atomic coordinates and displacement parameters
for “blythite” garnet Mn2*3Mn*5(Si04);

100 K 293 K
Oxygen
X 0.0363(3) 0.0362(4)
y 0.0526(3) 0.0516(3)
z 0.6570(3) 0.6569(3)
Beq 0.91(6) 1.13(8)
U 0.006(1) 0.010(2)
Uy, 0.010(2) 0.013(2)
Uss 0.019(2) 0.020(3)
U —0.001(1) 0.000(2)
Uiz —0.003(1) -0.007(2)
Uy 0.002(2) 0.002(2)
l\/[anr (0, 1/4, 1/8); U11=U22; U13=U23=O
Beg 0.52(2) 0.89(3)
Uy 0.0072(5) 0.0133(7)
Uss 0.0053(7) 0.007(1)
U 0.0015(7) 0.003(1)
Mn** (0, 0, 0); U;1=Us=Usz; U;p=Uj3=Un
Beg 0.39(1) 0.58(1)
Uy 0.0049(3) 0.0074(4)
U -0.0003(4) —0.0003(6)
Si (3/8, 0, 1/4); U22=U33; U12=U13=U23=0
Beg 0.64(3) 0.79(4)
Uy 0.003(1) 0.008(2)
Uy 0.0105(9) 0.011(1)

Note: dlsplacement parameter% are of the form:
exp[— 2n2(U11h2a 24+U,k%p™? +U3g] ¢ +2U12hka b +2U13hla '+
2U,3kIb )]
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1.5°+0.35 tan6 were collected up to 6=30° yielding a total of 1243
reflections at 293 K of which 201 were unique and had I1>2ac(I).
A total of 1369 reflections were collected at 100 K of which 205
were unique and had I>2c(I). Intensity data were empirically cor-
rected for anisotropic absorption effects by using psi-scans. Data
reduction, including background and Lorentz-polarisation correc-
tions, was carried out with the SDP program system (Enraf-Nonius
1983). The structure was refined with the program SHELX-97
(Sheldrick 1997) using neutral atom scattering factors (International
Tables for Crystallography 1992), and a weighting scheme of
1/[6%(Fo»)+(0.0233 P)’+4.07 P] at 293 K and 1/[c*(Fo?)+
(0.0171 P)?] at 100 K (with P=(Max(Fo?,0)+2Fc?)/3). Test refine-
ment indicated that both positions X (dodecahedral) and Y (octa-
hedral) were fully occupied by Mn?** and Mn>*, respectively. All
atoms were refined with anisotropic displacement parameters,
converging at R1=2.36% at 293 K and R1=2.71% at 100 K
[R1=(ZIF,HF)/(ZIF,l); Fo>4c(Fo)].

For the high-pressure study a 130x70x35 pm crystal fragment
was loaded in a BGI-type diamond-anvil cell (Allan et al. 1996) to-
gether with a ruby chip for approximate pressure determination by
the ruby-fluorescence technique (Mao et al. 1986) and a quartz crys-
tal to act as internal diffraction standard (Angel et al. 1997). For the
high-pressure experiment a T301 stainless steel gasket with a
195+5 um hole and a 4:1 methanol-ethanol mixture as pressure
transmitting medium were used. Up to 9.4 GPa the peak profiles
of both the sample and the quartz crystals showed no broadening,
which would be indicative of non-hydrostatic stresses. In contrast,
peak broadening was found at all pressures higher than 9.5 GPa.
In these cases the whole diamond-anvil cell was externally heated
to 60+5°C for 8 to 12 h to relax the deviatoric stresses within the
pressure medium which causes peak broadening.

Unit-cell parameters of both the garnet and the pressure calibrant
crystals were measured using a customised HUBER four-circle dif-
fractometer operated with unmonochromatised Mo X-ray radiation.
Details of the diffractometer and the centring procedure are given by
Angel et al. (1997). In addition to the unit-cell parameters the profile
parameters of the reflections 040, 004, 444, 080 and 008 were deter-
mined at each pressure. All reflections were measured using the
technique of least attenuation (Finger and King 1978) in order to
achieve maximum accessibility and minimum absorption effects.
To prevent crystal-offset errors and diffractometer aberrations af-
fecting the results, the technique of diffracted-beam centring (King
and Finger 1979) was employed to obtain correct setting angles. The
lattice parameters constrained to cubic symmetry were obtained by a
vector-least-squares fit (Ralph and Finger 1982) to the corrected re-
flection positions. The unit-cell parameters were determined from
the corrected positions of 21 to 27 accessible reflections within
the 14.0-26.6° range in 26.

Equation-of-state parameters were determined by a fully weight-
ed least-squares fit of a third-order Birch-Murnaghan equation of
state (Birch 1947) to the P-V data set (Table 3) with pressures de-
termined from the quartz unit-cell volumes using the equation-of-
state parameters of Angel et al. (1997) and Vy=112.990(10) A3.

Results

The results of our single-crystal refinements at 100 K and
293 K are given in Tables 1 and 2. In Table 1 the refined
atom coordinates and the anisotropic displacement param-
eters are listed, whereas Table 2 shows selected inter-
atomic distances and angles. Systematic extinctions are
in agreement with the cubic space group la3d. At ambient
temperature the cell dimension refined to a=11.801(2) A
and at 100 K to a=11.788(2) A. Although the Jahn-Teller
ion Mn** prefers a distorted octahedral environment, nei-
ther peak splitting nor broadening of the reflections
showed deviations from cubic symmetry. However, the
anisotropic displacement parameters given in Table 1

Table 2 Selected interatomic distances (A) and angles (°) of “blyth-
ite” garnet

Atoms 100 K 295 K
Si-O (4x) 1.636(3) 1.636(4)
0-Si-0 (2x) 100.6(3) 100.4(3)
0-Si-0O (4x) 114.1(1) 114.2(2)
Mn?*+-0 (6x) 1.998(3) 1.995(4)
O-Mn>*-O (6x) 88.7(1) 88.9(2)
O-Mn?**-0 (6x) 91.3(1) 91.1(2)
Mn?*-O (4x) 2.280(4) 2.280(5)
Mn2*-O (4x) 2.396(3) 2.409(4)
O-Mn2*-0 (2x) 67.0(1) 66.9(2)
O-Mn2*-0O (2x) 71.2(2) 71.3(2)
O-Mn2*-O (4x) 72.0(1) 72.3(2)
O-Mn?*-0 (4x) 73.3(1) 73.1(2)
Py 4.468 4.454

¢ 50.27 50.19

o 29.48 29.01

ta3n q?y/z; cos ¢=(a-x)/1.636 (Born and Zemann 1964); p,=8 M-1.66/
a’ (AY)

Andradite

"Blythite”

Fig.1 The Mn*"O4 octahedron (room temperature) of “blythite”
projected parallel to the three-fold axis is compared with the corre-
sponding Fe**Og octahedron in andradite (Armbruster and Geiger
1993). Probability displacement ellipsoids are drawn in common
but arbitrary scale. Notice that the disordered Jahn-Teller distortion
in “blythite” leads to displacement ellipsoids which are increased by
a factor of approximately three compared to andradite

show large amplitudes for all atoms compared to other
end-member garnets (e.g., Armbruster and Geiger 1993;
Geiger and Armbruster 1997). In Fig. 1, the Mn**Og octa-
hedron (room temperature) of “blythite” is projected par-
allel to the three-fold axis and compared with the corre-
sponding Fe’*Oy octahedron in andradite (Armbruster
and Geiger 1993). The displacement ellipsoids of “blyth-
ite”, which are increased by a factor of approximately
three compared to andradite, indicate a dynamic, fluctuat-
ing or statistically disordered Jahn-Teller distortion of oc-
tahedral Mn?*.

In our high-pressure study, the Mn**3Mn**,[SiO4]3
garnet did not undergo the expected pressure-induced cu-
bic-to-tetragonal phase transition within the investigated
pressure range of 0.0001 to 11.8 GPa. Neither the widths
of the five reflections increased significantly which would
indicate peak splitting according to non-merohedral twin-
ning known for tetragonal garnets (Heinemann 1997), nor
the unconstrained refinement of the lattice parameters in-



Table 3 Variation of the unit-cell parameters of “blythite” garnet
Mn?*3Mn>*,(Si0y); with pressure

p (GPa) Quartz “Blythite”

V (A% Nen  a(A) V (A% Nien
0.0001* n.d. - 11.8057(4) 1645.43(17) 49
0.0001°  112.990(10) 12 11.8060(3)  1645.54(10) 27
1.136(7) 109.855(12) 7 11.7781(4)  1633.64(15) 22
3.778(7) 104.289(12) 17 11.7148(4)  1607.71(15) 21
4.673(6) 102.763(10) 11 11.6953(4) 1599.68(13) 23
6.659(7) 99.813(14) 6 11.6545(3) 1582.99(11) 25
8.314(7) 97.705(13) 12 11.6218(4)  1569.73(13) 23
9.473(6) 96.377(8) 7 11.6000(3) 1560.90(10) 25
9.819(8) 96.000(18) 6 11.5929(4)  1558.03(15) 25
11.79(1)  94.007(23) 12 11.5596(5)  1544.66(20) 21

Note: pressures determined from unit-cell volumes of quartz internal
diffraction standard by applying the EOS of Angel et al. (1997).
Nees=number of reflection used for the vector least-squares refine-
ment of the unit-cell parameters

4 Crystal in air

® Crystal in DAC; without pressure transmitting medium

11.85

11.80

11.754

11.70 1

11.65 1

Cell parameter a (A)

11.60 1

11.55

T T T T
0 2 4 6 8 10 12
Pressure (GPa)

Fig.2 Variation of cell parameter a of “blythite”” with pressure. The
data are best fitted by a second-order polynomial equation

dicated significant deviations from the cubic symmetry
within 2c esds. The variation of the unit-cell dimension
a (Table 3) was found to be best described by a second-
order polynomial equation (Fig. 2):

a=11.8059(4) A-2.535(15)x10> AGPa'xP
+3.79(14)x10* AGPa2xP? (r>=0.999978)

The pressure dependency of a is significantly nonlin-
ear. The pressure variation of the unit-cell parameters ex-
pressed by a formulation equivalent to the Murnaghan
equation-of-state leads to linear modulus Ky=454.8
(2.4) GPa and its pressure derivative K'=19.1 (6). For a
third-order Birch-Murnaghan equation of state we obtain
from the P-V data (Table 3) at 7=298(1) K, V(=1645.52
(8) A®, Kp=151.6(8) GPa, and K'=6.38(19).

Figure 3 and Table 4 show the results of the Raman
spectroscopic study. The overall appearance of the spec-
trum is similar to that of andradite (Hofmeister and
Chopelas 1991), with wavenumbers of the “blythite”
bands shifted towards higher frequency due to the smaller
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Frequency (cm™)
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Fig.3 Raman spectrum of synthetic blythite end-member. For de-
tailed band assignments see Table 4. The broad band at 780—

850 cm™! is believed to reflect a dynamic distortion of the [SiO4]-tet-
rahedra

Table 4 Calculated Raman-spectra of calderite and observed spec-
tra of “blythite” garnet Mn>*3sMn>*,(Si0y)3

Mode * Calderite “Blythite” Intensity
calculated observed observed
[em™'] [em™]
Si-O stretch, asym 1017 1009 Strong
985
Si-O stretch, sym 897
Si-O stretch, asym 887 890 Broad
Si-O stretch, sym 884
Si-O stretch, asym 871
Si-O stretch, asym 840 ]» 780-850 Very broad
0-Si-O bend, asym 597 605
0O-Si-O bend, asym 580 570
0O-Si-O bend, asym 552 548 Very strong
0-Si-0O bend, sym 522 }» 509 Very strong
0O-Si-O bend, sym 493
0-Si-O bend, asym 486 ca. 480 Shoulder
0O-Si-O bend, sym 450 ca. 450 Shoulder
[SiO4] rotation 373
0O-Si-O bend, sym 355 360 Very strong
[SiOy4] rotation 349
[SiO4] rotation 344
[SiO4] translation 300 315 Shoulder
[SiO4] rotation 293
[SiO4] translation 284 250
[SiOy4] translation 217
X-O translation 211 208
[SiO4] translation 186 185
X-O translation 169 168 Sharp
X-O translation 158 150 Sharp

4 Assignments according to Hofmeister and Chopelas (1991)

cation Mn?* on the dodecahedral site. Test measurements
up to 4000 cm™! did not show further bands which con-
firms the absence of OH-groups in the structure.

Discussion

Novak and Gibbs (1971) calculated the cell dimensions
a=11.85 A for “blythite” Mn>*3Mn>*,[SiO4]3, a=11.84 A
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for calderite Mn?3Fe*,[Si04]; and a=12.07 A for syn-
thetic CazMn>*,[SiO4]s, based on the effective radii given
in Shannon and Prewitt (1969). The revised data of Shan-
non (1976) do not show differences concerning the size of
Ca*(VII), Mg*(VIII) or AI*(VI), but the value of
rMn?*,VIII) was decreased from 0.98 A to 0.96 A and
r(Mn>*,VI) was given as 0.645 A identical to r(Fe**,VI).
Recalculation with the empirical equations by Novak
and Gibbs (1971) based on the revised radii of Shannon
(1976) yielded a=11.80 A both for “blythite” and calder-
ite and a=12.06 A for the CaMn-silicate garnet in excel-
lent agreement with the observed data: a=11.801(2) A
for “blythite” (this study), 11.82 for calderite (Lattard
and Schreyer 1983) and 12.060 A for CazMn3*,[SiO4]3)
(Nishizawa and Koizumi 1975). The recalculated oxygen
coordinates according to Novak and Gibbs (1971) for
“blythite” are x=0.0362, y=0.0528 and z=0.6563 in agree-
ment with the observed values (Table 1).

Unfortunately no data are available concerning the
structure of calderite Mn?*;Fe3+,[SiO4]3, but due to the
similar size of Mn** and Fe** we do not expect large dif-
ferences compared to “blythite”. As expected the Y-O
distance in “blythite” of 1.995 A at 293 K is close to
the andradite value (2.020 A, Armbruster and Geiger
1993) while the X-O distances (2.280 A and 2.409 A)
and Si-O distances (1.636 A) are closer to those in spes-
sartine (2.246 A, 2.404 A and 1.639 A; Geiger and Arm-
bruster 1997). The same correlations are valid for the
100 K data. Beside the chemical differences, the main dif-
ference between “blythite” and spessartine are the dis-
placement parameters which are two to four times higher
in the Mn**-garnet. In addition, the anisotropic displace-
ment parameters found in “blythite” end-member are be-
tween 50 and 120% higher compared to the data of Arni
et al. (1985) in which Mn?** occupies only 36% of the Y-
site. When compared with andradite at 295 K (Armbruster
and Geiger 1993), the isotropic displacement parameters
Beq in “blythite” are approx. three times those in andradite
(Fig. 1). The unusually large displacement parameters in
“blythite” indicate an averaged structure of either static
or dynamic Jahn-Teller disorder on the octahedral site.
At the temperatures of our single-crystal data collections
(100 K and 293 K) the tetragonal distortion is statistical,
yielding cubic symmetry.

In garnet structures the rotation of a rigid SiO4 unit
may be described with the rotation angle o (Born and Ze-
mann 1964) that reflects the dodecahedral distortion. In
“blythite” the angle o is 29.01° at 293 K which is 1.8°
higher compared to that in andradite at ambient tempera-
ture (27.18°, Armbruster and Geiger 1993). The rotation
angle increases at 100 K to 0=29.48°. Comparable differ-
ences are observed in the Al-garnets spessartine and
grossular (Geiger and Armbruster 1997). The tetrahedral
distortion in “blythite” is characterised by the angle ¢
which is 50.19° at 293 K and 50.27° at 100 K (¢ is the
angle between an Si-O vector and the 4-fold axis). In an
ideal tetrahedron o is 54.75° and therefore the [SiOy4] unit
in “blythite” forms a slightly stretched tetragonal “disphe-
noid” (Born and Zemann 1964).

In contrast to the cubic Mn**-orthosilicate garnets
X3(Mn**),[Si04]3 with (X=Ca,Cd,Mn), two tetragonal
Mn**-garnets are described: henritermiérite  Cas
(Mn3+1,5A10_5)(Si04)2(OH)4 and synthetic Ca3Mn3+2
[GeOy4];. Henritermiérite belongs to the hydrogarnet-
group, generally X3Y[(Si,H4)O4]3. Four of the six oxygen
atoms of [MnOg] groups are common with the [SiO4] tet-
rahedron (Mn-O=1.97 and 2.13 A), and the remaining two
oxygen atoms are common with (O4Hy) tetrahedra (Mn-
0=1.90 A). Therefore, the coordination with four short
bonds and two long ones may be approximated as uniax-
ially elongated. The (O4H,) tetrahedra are larger and more
flexible than the rigid SiO4 tetrahedra and allow the Mn**
cation to stabilise its electronic structure by polyhedral
distortion.

In the tetragonal garnet CasMn**,[GeQy]s, the effect of
pressure was found to increase the uniaxial distortion of
Mn3* octahedra (Miletich et al. 1997). Therefore a pres-
sure induced cubic-to-tetragonal phase transition could
be expected also in Mn?*3Mn**,[SiO4]5. However, “blyth-
ite” remained cubic to the maximum pressure achieved
(11.8 GPa, Fig. 2). It is remarkable that the pressure deriv-
ative (K'=6.38) of “blythite” is significantly larger relative
to the values determined for other silicate garnets (Zhang
et al. 1993). Together with the comparatively lower bulk
modulus (Ky=151.6) this garnet appears to be somewhat
softer giving rise to a higher compressibility and a larger
pressure dependence of (dK/dP)r. A very similar com-
pressional behaviour has recently been determined for
“skiagite” garnet, Fe’*3Fe**,[SiO4]3, for which the equa-
tion-of-state parameters were determined to be
K¢=157.4+3.0 GPa and K'=6.7(8) (Koch et al. 1997).

The “blythite” Raman spectrum at ambient conditions
is given in Fig. 3. Since Hofmeister and Chopelas (1991)
showed that the wavenumbers of the bands largely depend
on the lattice parameter a, a hypothetical calderite spec-
trum was calculated from the shift of the wave numbers
(1/0) between grossular and andradite:

1/7\'<:ald= [(acald_aspes) : ( 1 /kandr_ 1 /)\fgros)]/(aandr_agros)

Due to similar lattice parameters of calderite and
“blythite”, the calculated bands of calderite correlate well
with the observed ones in “blythite” and were used for the
band assignment (Table 4). According to Hofmeister and
Chopelas (1991) 25 first order Raman bands are mandated
by symmetry for the la3d garnet structure. For aluminous
garnets, the A, modes are the three most intense features
in the spectra. However, “blythite” shows s1mllar1t1es with
andradite since the strongest peak at about 890 cm™ is dra-
matically decreased. A very broad band is monitored be-
tween 780 and 850 cm™' which is assumed to represent
asymmetric Si-O stretching modes. Similar to andradite,
the frequency of O-Si-O bending is lower in “blythite”
compared to the Al garnets, because the heavier mass of
the Mn** ion damps the bending.

The similarity of Raman spectra and IR-spectra in the
high frequency range (Hofmeister and Chopelas 1991) al-
low us to compare our results with the IR-data of
CasMn**,[SiO4]; and CdsMn**,[SiO4]; given by Ni-
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Fig.4 The system Mn-Si-O with excess SiO, phases. Py, pyrolusite;
Brn, braunite; Rdn, rhodonite; Pxm, p%/roxmanglte Cpx, clinopyrox-
ene (C2/c); Grn, garnet an’“;(Mn *Si)[Si04]3, “Blythit”=garnet
Mn2*, Mn3+2[SlO4]3

shizawa and Koizumi (1975). In a series of Cd3Y,-garnets
(Y: Al, Ga, Cr, Mn, Fe, V) these authors observed the
bands between 810 and 840 cm™! shifted to abnormally
low frequencies in the Mn**-garnets, indicating highly
distorted SiOj4 tetrahedra. They suggested that the tetrah-
edra are strongly affected by the Jahn-Teller distortion of
the Mn**Og octahedra. In “blythite” we also observed a
broad band at 780-850 cm™! assigned to asymmetric Si-
O stretch (Fig. 3, Table 4). Compared to other garnets
and the calculated calderite-spectra, this band appears to
be shifted also to lower frequencies. The broadening of
the band is in agreement with the strong displacements
of Si and O outlined and further supports a disordered dy-
namic or static Jahn Teller distortion of the Mn3*Og oc-
tahedra.

In contrast to calderite which may form during the
amphibolite facies metamorphism, “blythite” is only de-
scribed as a component in natural garnets (e.g., Amthauer
et al. 1989). In Fig. 4 we estimated the position of “blyth-
ite” in a pressure versus f{O;) plot at 1000°C. Although
Fig. 4 is highly approximate, it is consistent with the
MnSiOs-polymorphism (Akimoto et al. 1972; Arlt et al.
1998), the reactions between rhodonite, braunite and py-
rolusite under metamorphic conditions (Abs-Wurmbach
et al. 1983) and the synthesis runs performed at 4, 5, 6
and 9 GPa (Fursenko 1983 and this study). The phase
boundary between braunite and ‘“blythite” is assumed
to have a positive slope because the reaction:
5 Brn+16 Qtz—7 Bly+4 O, produces oxygen. Since the
stability of garnets are largely dependent on the cation ra-
dii (Schreyer and Baller 1980), we expect a similar stabil-
ity field as for calderite, but shifted to higher f(O,).
Lattard and Schreyer (1983) showed that the end-member
composition of calderite is not stable below 2.2 GPa, al-
though the slight substitution of other ions (Ca, Al, Mg)
decreases this pressure limit. We expect the same behav-
iour for “blythite” although the crystal field stabilisation
energy CEFSE in calderite might shift the stability field to-
wards lower pressures. However, extrapolation of the re-
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action: 2 Brn+ 12 Qtz—14 Rdn+3 O, (Abs-Wurmbach et
al. 1983) to higher pressures suggest that the oxygen fu-
gacity, necessary for the formation of “blythite”, is above
atmospheric conditions. These unusual conditions, high
oxygen fugacity together with high pressure and the ab-
sence of Fe** seem to be the reason for the lack of “blyth-
ite” as a mineral on earth.

Acknowledgements Ross Angel is thanked for his critical com-
ments and his help in the high-pressure crystallography laboratory
of the Bayerisches Geoinstitut. Two anonymous reviewers helped
to improve the manuscript. Support is acknowledged for the electron
microprobe at the University of Bern by Schweizerischer National-
fonds (Credit 21-26579.89). T. Arlt is indebted to the Schweizeri-
scher Nationalfonds for financial support (Credit 20-33562.92 to
T. Peters).

References

Abs-Wurmbach I, Peters T, Langer K, Schreyer W (1983) Phase re-
lations in the system Mn-Si-O: an experimental and petrological
study. Neues Jahrb Mineral Abh 146:258-279

Akaogi M, Susaki JI, Yagi T, Matsui M, Kikegawa T, Yusa H, Ito E
(1992) High-pressure-temperature stability of o-PbO,-type TiO,
and MgSiO3 majorite; calorimetric and in situ diffraction stud-
ies. In: Syono Y, Mangnani MH (eds) High pressure research:
application to earth and planetary sciences. Geophys Monogr
67:447-455

Akimoto S, Syono Y (1972) High pressure transformations in
MnSiO3;. Am Mineral 57:76-84

Allan DR, Miletich R, Angel RJ (1996) A diamond-anvil cell for
single-crystal x-ray diffraction studies to pressures in excess
of 10 GPa. Rev Sci Instrum 67:840-842

Amthauer G, Katz-Lehnert K, Lattard D, Okrusch M, Woermann E
(1989) Crystal chemistry of natural Mn3*-bearing calderite-and-
radite garnets from Otjosondu, SWA/Namibia. Z Kristallogr
189:43-56

Angel RJ, Allan DR, Miletich R, Finger LW (1997) The use of
quartz as an internal pressure standard in high pressure crystal-
lography. J Appl Crystallogr 30:461-466

Arlt T, Angel RJ, Miletich R, Armbruster T, Peters T (1998) High-
pressure P2/c-C2/c phase transition in clinopyroxenes: influece
of cation size and electronic structure. Am Mineral 83 (in press)

Armbruster T, Geiger CA (1993) Andradite crystal chemistry, dy-
namic X-site disorder and structural strain in silicate garnets.
Europ J Mineral 5:59-71

Arni R, Langer K, Tillmanns E (1985) Mn3* i 1n garnets, III. Absence
of Jahn-Teller distortion in synthetic Mn**-bearing garnet. Phys
Chem Minerals 12:279-282

Aubry A, Dusansoy Y, Lafaille A, Protas J (1969) Détermination et
étude de la structure cristalline de 1’henritermiérite, hydrogrenat
de symétrie quadratique. Bull Soc Franc Mineral Cristallogr
92:126-133

Basso R (1987) The crystal structure of palenzonaite, a new vana-
date garnet from Val Graveglia (Northern Apennines, Italy).
Neues Jahrb Mineral Monatsh 1987:134-144

Birch F (1947) Finite strain of cubic crystals. Phys Rev 71:809-824

Born L, Zemann J (1964) Abstandsberechnungen und gitterenerge-
tische Berechnungen an Granaten. Beitr Mineral Petrogr 10:2—
23

Biihn B, Okrusch M, Woermann E, Lehnert K, Hoernes S (1995)
Metamorphic evolution of neoproterozoic manganese forma-
tions and their country rocks at Otjosondu, Namibia. J Petrol
36:463-496

Enraf-Nonius (1983) Structure determination package (SDP). Enraf-
Nonius, Delft, The Netherlands

Fermor LL (1926) On the composition of some Indian garnets. Rec
Geol Surv India 59:191-207



106

Finger LW, King HE (1978) A revised method of operation of the
single-crystal diamond cell and refinement of the structure of
NaCl at 32 kbar. Am Mineral 63:337-342

Fujino K, Momoi H, Sawamoto H, Kumazawa M (1986) Crystal
structure and chemistry of MnSiOj; tetragonal garnet. Am Min-
eral 71:781-785

Fursenko BA (1983) Synthesis of new high-pressure silicate garnets
Mn;M,Si301, (M=V, Mn, Ga). Dokl Akad Nauk SSSR
268:421-424

Gaudefroy C, Orliac M, Permingeat F, Parfenoff A (1969) L’hen-
ritermiérite, une nouvelle espéce minérale. Bull Soc Franc Min-
eral Cristallogr 92:185-424

Geiger CA, Armbruster T (1997) Mn3Al,Si30;, spessartine and
Ca3Al,Si304, grossular garnet: structural dynamic and thermo-
dynamic properties. Am Mineral 82:740-747

Heinemann S (1997) Twinning of tetragonal CazMn,Ge3;0;, garnet.
Ber Deutsch Mineral Gesell, Beih Europ J Mineral 9:149

Hofmeister AM, Chopelas A (1991) Vibrational spectroscopy of
end-member silicate garnets. Phys Chem Minerals 17:503-526

International Tables for Crystallography (1992) vol C. Kluwer,
Dordrecht, The Netherlands

King HE, Finger LW(1979) Diffracted beam crystal centering and
its application to high-pressure crystallography. J Appl Crystal-
logr 12:374-378

Koch M, Woodland AB, Angel RJ, Miletich R, Kunz M (1997) Equa-
tion of state (EOS) for “skiagite”-garnet and Fe,Si04-Fe;04 spinel
solid solution to 11 GPa. Eos Trans 78: Supp:F802-F803

Lattard D, Schreyer W (1983) Synthesis and stability of the garnet
calderite in the system Fe-Mn-Si-O. Contrib Mineral Petrol
84:199-214

Mao HK, Xu J, Bell PM (1986) Calibration of the ruby pressure
gauge to 800 kbar under quasi-hydrostatic condition. J Geophys
Research 91:4673-4676

Miletich R, Armbruster T, Heinemann S, Angel RJ (1997) Tetragonal
garnets and Jahn-Teller effect: influence of pressure and tempera-
ture on the cooperative distortion. Eos Trans 78 Supp.:F754

Nishizawa H, Koizumi M (1975) Synthesis and infrared spectra of
Ca3zMn,Si30;, and Cd3B,Si30,, (B: Al, Ga, Cr, V, Fe, Mn) gar-
nets. Am Mineral 60:84-87

Novak GA, Gibbs GV (1971) The crystal chemistry of the silicate
garnets. Am Mineral 56:791-825

Ralph RL, Finger LW (1982) A computer program for refinement of
crystal orientation matrix and lattice constants from diffractome-
ter data with lattice symmetry constraints. J Appl Crystallogr
15:537-539

Reinecke T (1987) Manganoan deerite and calderitic garnet from
high-pressure metamorphic Fe-Mn-rich quartzites on Andros Is-
land, Greece. Mineral Mag 51:247-251

Rickwood PC (1968) On recasting analyses of garnet into end-mem-
ber molecules. Contrib Mineral Petrol 18:175-198

Ringwood AE, Major A (1967) Some high-pressure transformations
of geophysical significance. Earth Planet Sci Lett 2:106-110

Schreyer W, Baller T (1980) Calderite, Mn**3Fe**,Si30,, a high-
pressure garnet. Proc. XI IMA Meeting, Exp Mineralogy:68—77

Shannon RD (1976) Revised effective ionic radii and systematic
studies of interatomic distances in halides and chalcogenides.
Acta Crystallogr A32:751-767

Shannon RD, Prewitt CT (1969) Effective ionic radii in oxides and
fluorides. Acta Crystallogr B25:925-946

Sheldrick GM (1997) SHELXIL.-97 program for crystal structure de-
termination. University of Gottingen, Germany

Strens RGJ (1965) Instability of garnet CazMn**,Si30, and the sub-
stitution Mn**=Al. Mineral Mag 35:547-549

Susaki JI, Akaogi M, Akimoto S, Shimomura O (1985) Garnet—pe-
rovskite transformation in CaGeOs. In situ X-ray measurement
using synchrotron radiation. Geophys Res Lett 12:729-732

Walker D, Carpenter MA, Hitch CM (1990) Some simplification to
multianvil devices for high pressure experiments. Am Mineral
75:1010-1028

Yagi T, Akimoto SI (1976) Direct determination of coesite—stishov-
ite transition by in situ X-ray measurement. Tectonophys
35:259-270

Zhang L, Ahsbahs H, Kutoglu A (1996) High pressure comparative
crystal chemistry and elasticity of garnets from single crystal X-
ray diffraction. Terra Nova Abstr Supp. 1:70



	1

