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Abstract: For the first time in the sixty years since the synthesis of stishovite, we report unambiguous
evidence of stishovite formed in the deep Earth. A minimum pressure of about 7.5 GPa at 1000 ◦C
is necessary for the formation of stishovite, corresponding to a depth of about 230 km. In this
manuscript we report the identification of stishovite along with coesite as inclusions in mineral grains
from the Waldheim granulite. This implies that the stishovite was transported upwards, probably
very rapidly to a depth of about 130 km, corresponding to the highest pressure indicated by newly
identified coesite in the prismatine of the Waldheim granulite, and continuing up to the depth of
emplacement of the Waldheim prismatine granulite. The analysis of the Raman spectra obtained
from a metastable trapped stishovite micro-crystal show that all the diagnostic Raman bands are
present. However, given the metastability of the stishovite at room temperatures and pressures,
this mineral breaks down step-by-step into stable polymorphs, first coesite and then quartz and
cristobalite, during the Raman stimulation. The rare coesite crystals in prismatine have also resulted
from the irreversible transformation from stishovite. Although the Waldheim occurrence may be
unique, we suggest that Raman analysis of co-trapped crystals in similar deep-seated rocks, an area
of limited previous research, may prove an important innovation in the study of mantle processes.

Keywords: stishovite; coesite; blue shift; supercritical fluid; Waldheim prismatine rock

1. Introduction

Stishovite, the tetragonal high-pressure polymorph of SiO2, was named by the Russian
high-pressure physicist Sergey M. Stishov, who together with Popova first synthesized the
mineral in 1961 [1]. This mineral is very rare at the Earth’s surface, having only been found
in known or suspected meteorite craters. In 1962 this mineral was found by Chao [2] in
the Meteor Crater. Later, stishovite was found in an iron meteorite by Holtstam et al. [3]).
According to [4] there are only suggestions of naturally occurring stishovite; currently, this
mineral has never been directly observed in metamorphic UHP rock. However, there is
good circumstantial evidence which suggests that stishovite was initially present: e.g., as
pseudomorphs of coesite after stishovite or precursor-stishovite [5,6].

In this short contribution we concentrate on the description of stishovite found in-
cluded in almandine of the prismatine-bearing granulite rock from Waldheim, Germany.
This rock is part of the ultrahigh-temperature Saxon Granulite Massif, Germany. This
complex has an area of roughly 575 km2. The general profile contains leucogranulites,
pyroxene granulites, pyroclasites, and basic ultramafic rocks. The well-known prismatine
granulite from Waldheim (prior to 1996 identified as kornerupine [7]) is an horizon only
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a few meters thick, together with biotite- and garnet-rich layers (see e.g., [8]. Details of
geology, mineralogy, and petrogenesis are given in [9,10].

One aspect of granulite evolution previously not considered by scientists dealing
with the genesis of the prismatine-bearing granulite rock from Waldheim is the input of
a boron-rich supercritical fluid/melt, entraining high-pressure minerals from very deep,
subducted crustal material (see [11]). At surface temperatures and pressures such materials
are observed only as remnants, trapped well outside their normal stability field. Such
minerals occur mostly as microscopic rods and spheres, or elliptical bodies including zircon
with clear indication of reidite, mixtures of diamond and moissanite, coesite after stishovite,
and black globules of columbite-type TiO2.

In this paper we focus on the first description of stishovite found in terrestrial material
outside the interior of the Earth. Details of the other findings from Waldheim including
reidite, diamond, moissanite, and columbite-type-TiO2 will be presented in subsequent
publications. However, some information relating to coesite in prismatine from Waldheim
is given for context.

2. Method and Sample
2.1. Method

Raman spectra were recorded with the EnSpectr Raman microscope RamMics M532
in the spectral range of 80–4000 cm−1 using a 50 mW single mode 532 nm laser, an entrance
aperture of 20 µm, a holographic grating of 1800 g/mm, and a spectral resolution of
4–6 cm−1. Depending on the grain size, we used microscope objectives with magnifications
between 3.2× and 100×. For the 100× objective, we used a long-distance LMPLFLN100×
from Olympus. The laser energy on the sample was continuously adjusted down to
0.02 mW. The position of the Raman bands was controlled before and after each series of
measurements of the Si band, using a single crystal chip of semiconductor-grade silicon. The
run-to-run repeatability of the line position (from 20 measurements each) was ± 0.3 cm−1

for Si (520.4 ± 0.3 cm−1) and 0.5 cm−1 for diamond (1332.3 ± 0.5 cm−1 over the range
80–2000 cm−1), respectively. As diamond-reference we used a water-clear natural diamond
crystal. For azimuth-dependent measurements we used a scaled rotating microscope stage.

For the identification of the different mineral phases using Raman micro-spectroscopy
we used the data in [12] and the RRUFF database [13].

2.2. Sample

During intense study of the granulite-facies prismatine-bearing rock (Figure 1a,b) from
Waldheim/Saxony (see [14,15] we noted almandine crystals full of mineral inclusions and
melt inclusions (Figure 1c). Most of these inclusions form homogeneous phases, which are
often water-clear. A vapor bubble, a characteristic feature of melt inclusions in crustal rocks,
was always completely absent. In such almandine crystals we found one larger, totally
homogeneous and water-clear inclusion (20.5 × 9.3 µm) of stishovite (Figure 1d), which
was studied with Raman spectroscopy.

In several minerals, specifically prismatine [(�,Fe,Mg)(Mg,Al,Fe)5Al4Si2(Si,Al)2(B,Si,
Al)(O,OH,F)22], zircon, corundum [Al2O3], kyanite [Al2SiO5], and sillimanite, the following
mineral phases were found as mineral inclusions: muscovite, clinochlore, coesite (only in
prismatine), diamond, moissanite [SiC], garnet, rutile, dravite, kumdykolite [Na(AlSi3O8)],
kokchetavite [K(AlSi3O8)], cristobalite, tridymite, and quartz, among others. The diameter
of such inclusion is typically about 10 µm. In one case coesite (herein coesite-I) formed an
approximately 64 µm × 45 µm × 20 µm aggregate of small elliptical crystals accidently
co-trapped in prismatine (see Figure 2). A smaller crystal (30 µm × 25 µm) was present
in the same growth zone of the prismatine sample (herein coesite-II). Generally, coesite
had not intergrown with prismatine, and appeared clearly as a foreign crystal body. Some
coesite crystallites in prismatine show an extremely large blue shift (18 cm−1) proportional
to the laser power. Synthetic coesites, stishovites, or mixtures of both never show such
blue shift. In contrast to stishovite, coesite in prismatine in our samples was not com-
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pletely encapsulated. Therefore, a concurrent formation together with prismatine cannot
be excluded.
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Figure 1. Hand specimen (a) of a prismatine-bearing granulite from Waldheim/Saxony. All dark 
grains are prismatine crystals. Alm—almandine. (b) Prismatine-bearing granulite. In the center, a 
needle-shaped prismatine crystal beside more euhedral or subhedral dark grains of prismatine in a 
granulite matrix. (c) Melt inclusions in almandine. (d) Melt inclusion in almandine after the first 
Raman measurement: Crs—cristobalite, Gr—graphite, Qtz—quartz, Sti—remnants of stishovite. 
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Figure 1. Hand specimen (a) of a prismatine-bearing granulite from Waldheim/Saxony. All dark
grains are prismatine crystals. Alm—almandine. (b) Prismatine-bearing granulite. In the center, a
needle-shaped prismatine crystal beside more euhedral or subhedral dark grains of prismatine in
a granulite matrix. (c) Melt inclusions in almandine. (d) Melt inclusion in almandine after the first
Raman measurement: Crs—cristobalite, Gr—graphite, Qtz—quartz, Sti—remnants of stishovite.

Geosciences 2022, 12, x FOR PEER REVIEW 4 of 13 
 

 

 
Figure 2. Aggregate of coesite-I in prismatine from the Waldheim/Saxon Granulite Massif. Points 
1–15 mark the points of the Raman measurements. Note that between coesite and prismatine there 
is a partial thin layer of clinochlore. 

For comparison purposes we used stishovite and coesite crystals synthesized at 9 
GPa and 900–1000 °C, courtesy of Monika Koch-Müller (GFZ Potsdam). In this connection 
it is important to emphasize the difference between coesite grown in the coesite pressure 
and temperature field and that in the stishovite field. According to [16] both fields in the 
SiO2-system are separated by the transition boundary between coesite and stishovite, de-
fined by the linear equation P(GPa) = 4.7 + 0.0031 × T(K). In the Raman spectrum of coesite 
formed in the coesite pressure and temperature field, the ~960 cm−1 band is completely 
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Figure 2. Aggregate of coesite-I in prismatine from the Waldheim/Saxon Granulite Massif. Points
1–15 mark the points of the Raman measurements. Note that between coesite and prismatine there is
a partial thin layer of clinochlore.

For comparison purposes we used stishovite and coesite crystals synthesized at 9 GPa
and 900–1000 ◦C, courtesy of Monika Koch-Müller (GFZ Potsdam). In this connection it
is important to emphasize the difference between coesite grown in the coesite pressure
and temperature field and that in the stishovite field. According to [16] both fields in
the SiO2-system are separated by the transition boundary between coesite and stishovite,
defined by the linear equation P(GPa) = 4.7 + 0.0031 × T(K). In the Raman spectrum
of coesite formed in the coesite pressure and temperature field, the ~960 cm−1 band is
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completely missing. Coesite from the stishovite field frequently shows this band, which was
present in our stishovite sample and in the synthetic stishovite-coesite crystals (Figure 3).

Figure 3. Raman spectra of the Waldheim coesite (a) together with synthetic coesite from the coesite
and coesite-stishovite fields (b,c). Coe—coesite, Sti—stishovite.

3. Results

The initial measurements gave an unusual Raman spectrum (see Figure 4) with ex-
tremely high intensities in the fingerprint range, and in the OH stretching region beyond
2500 cm−1 (excited spectrum). The signal of the host mineral almandine was nearly com-
pletely suppressed. All “excited” bands can be assigned to stishovite (see [17–20].

Figure 4 shows the first Raman spectrum obtained, and the assignment, together with
the spectrum of a synthetic stishovite crystal. The strong band in the OH stretching region
is conspicuous. Nisr et al. [19] found 3.2% H2O in water-rich and Al-free stishovite. The
water concentration of the natural stishovite in the current study was significantly higher
than that value. Using data obtained from the MKM-011 sample, an estimation of the water
content gives a value of 8.5% and corresponds to the data presented in [20]. Therefore, the
inclusion system with stishovite is more susceptible to laser heating, and graphite dust in
the inclusion reinforces this effect.

Figure 5 gives some details of the ν1 mode (198.6 cm−1). Figure 6 shows the Raman
spectrum taken at the same point after laser-induced relaxation of the metastable high-
pressure state of stishovite. Certain Raman lines (e.g., the B1g-mode) in the primary
spectrum represent the frequencies of stishovite corresponding to high pressure (>17.8 up
to 52 GPa) generated by local heating of the stishovite inclusion in the rigid garnet host. We
assume that the buildup and the following relaxation was triggered by the energy of the
laser beam, and was a type of photoinduced, or laser-induced phase transition (see e.g., [21].
The excited state was followed by the total collapse of the stishovite lattice.
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Figure 4. The Raman spectrum below represents natural stishovite inclusion in almandine after the
first measurement. The bands in the fingerprint region, 198, 259. 600, 757 cm−1, represent the Raman
active modes ν1 (196), B1g (235), Eg (592), and A1g (754) cm−1, respectively. The positions of the very
strong bands in the OH stretching region correspond very well to the OH-bands discussed by [19].
The Raman spectrum above is from a synthetic stishovite crystal (sample MKM-011 (8.5 GPa, 900 ◦C)
from Monika Koch-Müller (GFZ Potsdam), given for comparison. Both spectra were taken with the
same Raman spectrometer under identical conditions. Alm—almandine, Gr—graphite.

Figure 5. Raman spectrum of hydrous stishovite around the ν1 band from the first measurement.
The broadening of this band in the lower part of Figure 4 can be traced back to frozen components at
higher pressure. According [17], the band at 188 cm−1 corresponds to a pressure of 46.9 GPa, and the
component at 215 cm−1 to a pressure of 17.8 GPa. The large values for the Full Width at Half Maximum
(FWHM) of 58 and 22 cm−1, respectively, reflect the strong anisotropic behavior of this stishovite
mode under pressure, and show that the frozen state does not represent a sharp, single event.
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Figure 6. Raman spectrum taken from the same point as Figure 1 (lower). The ν1 band at 198 cm−1 has
disappeared completely, and the B1g mode of stishovite dominates the spectrum. An additional B2g

mode appears at 957 cm−1. The A1g mode is noticeably reduced. Supplementary to the remnants of
stishovite appear bands of kokchetavite, quartz, and now the strongest almandine band at 915 cm−1.
The weak or medium band at 265 cm−1 resulted from the release of Al out of the primary stishovite
lattice. Alm—almandine, Kok—kokchetavite, Qtz—quartz.

Repetition at the same point gave a completely different Raman spectrum (Figure 6).
Instead of the “excited” primary spectrum we found dominant Raman bands of almandine,
the strong B1g mode at 237 cm−1 and the strong B2g mode at 957 cm−1, as well as some
remnants of stishovite. A third measurement in the surroundings of the first point result
identified cristobalite and quartz as products of the breakdown. The stishovite bands had
completely disappeared. In addition to cristobalite and quartz we observed the formation
of dispersed graphite, perceptible by the D1 and G bands of graphite, in the vicinity of the
laser spot.

However, in similar but very rare inclusions in almandine we generally found only
two stishovite bands in addition to the breakdown products cristobalite, quartz, and some-
times also kokchetavite. Two lines alone are not enough for unambiguous identification
as stishovite.

Coesite was identified by the following characteristic lines (ten measurements each):
520.2 ± 5.5, 331 ± 5.6, 265.7 ± 5.6, 168.3 ± 5.6, and 1140.0 ± 5.6 cm−1. The intensity,
the intensity ratio, and also the position of the Raman bands depend strongly on the
crystallographic orientation. Table 1 gives the Raman results of different points in coesite-I
shown in Figure 2. The numbers leveled with a and b represent data taken using 28 mW
and 5 mW, respectively. In this table are also listed some minerals which emerged from the
coesite disintegration by the laser irradiation. The steady presence of the 951.7 ± 5.4 cm−1

band may suggest stishovite-coesite transformation. However, according to the high
intensity of this band (not typical for stishovite and coesite) it may represent isolated
SiO4 tetrahedra [ν3(T2)] (see [22]) formed by the transition of stishovite into coesite. The
large blue shift (clearly shown in Figure 7) of all coesite bands (up to 18 cm−1) in the
coesite crystals may result from strain produced by the lattice mismatch of coesite with
remnants of stishovite, indicated by Raman bands at (B2g) 952.3 ± 4.8, (A1g) 770.9 ± 4.4,
(Eg) 582.9 ± 5.0, (B1g) 206.9 ± 5.2. The blue and red shifts of the A1g and B1g modes,
respectively, correspond to the higher primary trapping pressure (~10 GPa). We interpret
the highly metastable coesite to be a result of the irreversible transformation of the primary
stishovite into metastable coesite and further into cristobalite, kokchetavite, corundum and
quartz in a completely foreign P-T surrounding. Stishovite formed at greater depth and
transported to a higher level has high internal excess energy. An already low addition of
energy leads to irreversible signs of decay. Therefore, the Raman measurements are not
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exactly reproducible. In the case of coesite-II the disintegration was complete after the
first measurement.

Table 1. Raman bands of coesite-I in prismatine from Waldheim. Besides the coesite bands, some
bands can be assigned to quartz, cristobalite, kokchetavite, and corundum. Numbers in the first
column levelled with a and b represent data taken using 28 mW and 5 mW, respectively. These
different laser energies are responsible for the generally observed blue shift of the Raman bands in the
Waldheim coesite. Note that such a blue shift was never observed in synthetic stishovite or coesite.

Nr. Coesite α-
Quartz Cristobalite Kokchetavite Corundum [ν3(T2)]

1a 76.1 175.8 273.1 339.2 527.4 1147.0 458.3 213.5 416.8 784.2 398.9 840.1 - - 959.2

1b 69.3 167.5 267.6 332.3 521.3 1141.1 453.7 - 414.7 - 382.1 838.4 382.1 632.9 953.2

2a - 176.1 273.1 339.3 527.3 1146.6 458.3 218.0 416.0 781.1 389.9 826.8 - - 958.7

2b 69.3 169.2 267.6 332.3 521.3 1141.1 452.1 - 416.5 - - - 383.7 634.5 954.7

3a - 175.9 273.2 339.4 527.4 1146.8 458.3 214.8 415.8 786.7 389.9 843.5 - - 959.0

3b - 170.8 267.6 332.3 521.3 1141.1 452.1 - 417.5 - - 836.7 383.7 636.0 953.2

4a 84.4 175.8 273.1 339.3 527.5 1147.2 447.0 - 416.4 787.6 390.0 840.9 - 639.9 959.0

4b - 169.2 267.6 333.9 521,3 1142.6 452.1 417.5 - - - 383.7 634.5 954.7

5a - 175.7 273.1 339.2 527.3 1146.2 458.4 211.7 416.8 787.8 390.0 840.0 390.0 639.8 958.5

5b - 166.4 264.8 329.6 518.5 1130.8 449.3 - 414.7 - - 832.7 380.9 633.2 951.9

6a 76.6 175.9 273.5 339.6 527.6 1147.0 458.7 - 414.1 787.1 390.4 839.9 - 640.2 958.9

6b - 169.2 267.6 333.9 521.3 1139.7 452.1 - 416.5 - - 835.7 383.7 634.5 953.2

7a 76.2 176.3 273.5 339.6 527.7 1147.6 458.6 213.8 422.8 782.9 390.2 840.5 - 639.8 959.4

7b - - 267.6 333.6 522.0 1141.3 463.2 - 416.0 - - - 384.7 635.3 953.4

8a 76.0 176.6 273.3 339.5 527.6 1147.4 458.6 212.4 422.9 779.6 390.1 841.3 - 639.3 959.6

8b - 167.0 264.8 330.7 519.0 1138.0 450.2 - 416.2 - - 832.0 381.7 631.8 950.5

9a 76.0 176.4 273.8 339.8 527.9 1147.4 458.8 213.5 414.3 782.4 390.5 839.6 - 640.6 969.7

9b - 170.5 267.5 333.7 522.1 1144.6 452.9 - 416.5 - - 836.4 384.3 634.9 953.8

10a 76.0 176.4 273.8 339.8 572.9 1147.4 458.8 213.5 414.3 782.4 390.5 839.6 - 640.6 959.7

10b 72.0 171.2 258.3 335.0 523.2 1143.5 451.5 - - - - - 386.4 - 957.7

11a 76.0 176.0 271.5 339.5 527.7 1147.7 - 213.8 414.3 - 386.2 - 386.2 - 963.3

11b 69.7 - 260.7 332.7 521.0 1144.1 455.7 - 414.3 - - 830.5 383.4 - 952.5

12a 78.3 176.8 273.8 340.0 528.2 1147.9 459.0 214.1 414.4 781.6 390.5 841.2 - 641.0 960.2

12b 71.6 169.5 266.2 332.6 521.5 1141.2 452.3 - 416.2 - - 836.4 382.4 634.7 951.9

13a 75.0 174.4 271.9 338.0 526.1 1145.7 457.5 211.7 412.2 793.6 388.5 835.3 388.5 638.3 957.8

13b 68.0 166.3 265.7 331.4 519.7 1139.6 447.9 - 412.3 - - - 382.5 633.3 952.1

14a 75.5 175.8 273.0 339.5 527.5 1147.2 455.5 213.8 413.8 791.8 389.9 833.3 - 640.0 958.4

15a 71.6 - 270.3 336.8 525.1 - 460.6 210.8 418.3 - 389.9 . 378.5 - 952.5
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Figure 7. Boltzmann sigmoidal fit of the blue shift of prominent coesite bands at 330 and 520 cm−1

independent of laser excitation (532 nm). The significant blue shift (~18 cm−1) results from the strain
generated by the lattice mismatch between primary stishovite (now only remnants) and the resulting
coesite. The amount of the blue shift is quasi-reversible due to the blue shift decline over time
signaling the destruction of the metastable coesite lattice. Note that no synthetic coesite, stishovite, or
mix of those mineral phases, shows such a blue shift.

4. Discussion

According to [4] the “presence of stishovite in subducted crustal rock has been inferred,
but as of yet it has not been directly observed (see to this also [23,24]). The rate of obduction
of such rocks may not be high enough to permit conservation of stishovite”. While that
may be true, it may nevertheless permit the accidental metastable trapping of stishovite as
inclusion in a solid stable mineral, here the almandine-rich garnet. The host crystal acts
as a “pressure vessel” to prevent inversion of the stishovite to low-pressure polymorphs.
The same is also true for other high-pressure minerals such as zircon-reidite, and rutile-
columbite-type TiO2.

All lines of the primary Raman spectrum are assignable to hydrous stishovite, in part
under high pressure. According to [19] hydrous stishovite after decompression shows a
strong and sharp peak ν1 at 196 cm−1 and a peak at 235 cm−1 corresponding to the B1g
mode. Even the positions of the OH-bands fit very well to the bands at the OH stretching
region presented by [19]—see Figure 4 in there.

One Raman band remains problematic: the very sharp band at 258.7 cm−1. At stan-
dard pressure conditions pure stishovite shows a sharp band at 235 cm−1 [19]. However,
Tschauner [4] pointed out that stishovite at pressures above 30 GPa can accommodate large
amounts of Al and H2O by coupled substitution (see also Lakshtanov et al., 2007 [25]),
“whereas at low pressure stishovite does not ac-commodate other elements beyond trace
level”. Therefore, we provisionally assigned this band to the B1g mode for stishovite with
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higher Al- and H2O concentration, because the bands in the OH-stretching region also
represent an excited state. However, it is also conceivable that this band resulted from the
embryonic formation of coesite. The appearance of kokchetavite [K(AlSi3O8)] after the
breakdown of stishovite during the Raman measurement is further evidence that in the
primary stishovite a higher Al content is highly possible.

Given all the information obtainable from our Raman measurements, we propose that
this is a positive identification of stishovite, albeit in a form that is subject to inversion
under laser excitation. It is also possible that other minerals identified in these inclusions
may represent partial decrepitation of the host crystals, having permitted inversion due to
decompression at some point before or after emplacement.

However, there remains the question of how the stishovite reached its current position.
All observation from the geology clearly suggests that this mineral is completely out of
place at its current level. Neither of the high-pressure minerals (ultrahydrous stishovite
and the water-rich coesite) fit into the accepted genesis model given in [9,10].

An answer may come from the observation of completely rounded (elliptical, spherical)
crystals of zircon, corundum, quartz, garnet, and kyanite, among many others, as inclusions
in different minerals (see Figure 8). Kalkowsky [26] described tiny, very smooth droplet-like
zircon crystals in the prismatine rock, although he did not give any interpretation. No
subsequent authors have dealt with this occurrence within the Waldheim granulite.

Figure 8. Examples of spherical crystals in different minerals from the Waldheim granulite: (a) zircon
inclusion in the center of an elliptical high-quartz crystal. The quartz host displays radial fractures
due to the volume expansion of the primary reidite-to-zircon transition [27]. (b–d) spherical zircon
crystals in prismatine. (e) a conglomerate of coesite ellipsoids in prismatine. There is a thin layer
of muscovite and clinochlore between the coesite and the prismatine host. (f) spherical anorthite
crystals in an ellipsoidal corundum crystal.

We interpret these spherical, generally single crystals as remnants of crystals initially
suspended in a boron-bearing supercritical fluid. From its ultra-deep source, this fluid
moved rapidly into the granulite region. Here at a shallower level, the supercritical fluid
transformed into a metasomatic-like fluid. The primary mineral load of this fluid was
then integrated into the fast-growing crystals (e.g., in almandine and prismatine). Some
water-clear dravite crystals contain elliptical kyanite crystals and nanodiamond-bearing
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graphite globules beside water-rich silicate melt inclusions (atypical for granulite-facial
minerals)—see Figure 9. In some ways, this mechanism resembles the idea (pegmatitic
metatect) described in [28]. According to our observations, however, the origin of this fluid
is very different.

Figure 9. Water-rich melt inclusions in dravite. The inclusion (a) represents a typical volatile-rich
melt inclusion, and (b) is a supercritical melt inclusion (see [29]. F—water-rich fluid phase, G—glass
(often partially crystallized), V—vapor phase.

Some larger elliptical crystals contain smaller spherical crystals or melt inclusions.
Some are very exotic, e.g., hexahydrite [MgSO4·6H2O], among simple sulfates and others.
In the associated processes, minerals such as stishovite and coesite were trapped in a
metastable state in the surrounding, growing host crystals. An analogy here might be
the rapid migration of kimberlite magma to the surface, where crystal fragments become
rounded during the fast transport (see here [30]), and diamonds preserved from complete
inversion to graphite. Graphite pseudomorphs after diamond have often been found in
high-grade metamorphics (see e.g., [5]).



Geosciences 2022, 12, 196 11 of 13

Furthermore, our results shed light on the problem of laser power used for the study
of small inclusions in a matrix. Local volume expansion by laser heating of a small
inclusion in a rigid host can increase pressure to extreme values, which can result in a red or
blue shift of Raman lines, depending on the pressure/temperature-dependence of Raman
mode frequencies. Another example is the presence of graphite, as the inclusion can be
locally heated to values such that small nanocrystals of diamond are rapidly inverted to
graphite. Furthermore, the disintegration of the metastable states of a mineral, generated by
insertion of elements (e.g., Al) at high pressure, can be triggered by excessive laser power;
we observed this in the inversion of Al-rich coesite into corundum and other daughter
products. The high H2O (about 4000 ppm) and Al content are indications that the coesite
was initially formed at very high pressure. Information regarding the water measurements
will be presented in a forthcoming paper.

From the metastability of high-pressure mineral phases, we suggest that it is necessary
to start Raman investigations on minerals and mineral inclusions at low laser power
(~5 mW on the sample). According to Kaminsky (oral communication), this is also relevant
for X-ray analyses of stishovite using ESRF synchrotron facilities.

5. Conclusions

In summary, we propose a multi-stage model to explain the presence of stishovite
inclusions in granulite rock apparently formed at much lower temperatures and pressures
than the stishovite stability field. At pressures greater than 3 GPa, studies ([31,32] have
shown that H2O and aluminosilicate melts are completely miscible in any proportion, and
the resulting melt/fluids have extremely low density, and viscosities approaching those
water or honey at room temperatures. Previously we have referred to these as supercritical
melt/fluids, since they have exceptional properties, and below a critical temperature and
pressure dissociate into conjugate H2O- and aluminosilicate-rich phases (see [29,33]). We
propose that such fluids forming within the stishovite stability field would be rapidly
expelled and forced upwards, in the process entraining small crystals of very high-pressure
minerals, including stishovite. This transport is, of necessity, rapid, due to the minerals’
enormous density and viscosity in contrast with their deep-crustal hosts. Any entrained
grains would tend to be rounded by attrition, and possibly some corrosion during transport
out of their stability fields. However, such grains may also be subject to accidental co-
trapping in crystals growing in the ascending supercritical melt/fluid. Upon reaching
the coesite stability field, grains of that phase may also be entrained or may grow in
the ascending fluid. Given the presence of prismatine it is possible that these fluids are
boron-rich. Minerals with stability fields greater than coesite may be found completely
enclosed in a host mineral, while coesite was occasionally found embedded, but not
completely enclosed, in prismatine. This may suggest co-crystallization of prismatine and
coesite, possibly indicating some constraints on temperatures and pressures at that point.
The survival well outside their stability fields of extremely high-pressure phases such as
stishovite, coesite, reidite, diamond, moissanite, and others, is only possible if the abraded
grains are trapped as inclusions within another mineral that can act as a “pressure vessel”.
However, such grains are inherently metastable, and tend to relaxation by energy input
(laser energy) and force an inversion to their low-pressure stable analogues. Decrepitation
of the host crystal is often the cause of such volume changes, and the numerous examples
of grains showing partial or complete inversion, such as those combining stishovite–quartz
or zircon–reidite, testifies to this. Equally, the burst of energy applied by laser during Laser
Raman Analysis can have the same effect, but the process of inversion takes a finite amount
of time, and we have shown the successive stages of the process over three successive
analyses of the same crystal inclusion. We propose that the final step was the injection of a
supercritical melt/fluid, possibly as a dike swarm, into the granulite facies assemblage at
Waldheim, with the subsequent formation of the prismatine granulite. Thus, while the host
rocks indicate no more than granulite facies temperatures and pressures, their minerals
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may contain co-trapped crystals from a much deeper source with higher temperatures
and pressures.

6. Outlook

The present study of the prismatine-bearing granulite rock from Waldheim throws
light on the multistage formation of a high-pressure and high-temperature complex with
many unusual minerals. With sophisticated studies we can expect further findings of
minerals of type B, Si- and Fe-carbides, or their mixtures. So, our measurements open a
window for investigations in future.
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