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Abstract

High-pressure and ultra-high-pressure mineral inclusions enclosed in comparatively low-pressure crustal rocks provide evidence for rapid material 
transfer between deep lithospheric or mantle-related domains and upper-crustal mineral-forming environments. This study summarizes observations 
from emerald-bearing rocks of the Habachtal/Austria, prismatine granulite from Waldheim/Saxony, topaz from the Greifenstein granite, cassiterite 
from Variscan tin deposits, and related occurrences. The documented phases include diamond, moissanite, coesite, stishovite, lonsdaleite, reidite, 
orthorhombic cassiterite, and other high-pressure minerals. Many occur as smooth spherical or subspherical crystals, locally with composite textures, 
indicating entrainment, mechanical abrasion, and possible chemical modification during transport. These features cannot be explained satisfactorily 
by conventional low-pressure hydrothermal models or by equilibrium mineral assemblages inferred for the host rocks. Instead, they are interpreted 
as evidence for transfer by supercritical fluids or melts in which H2O and aluminosilicate components are fully miscible. Such media combine high 
mobility with the capacity to carry dissolved elements and suspended mineral relics, allowing tiny high-pressure crystals to move rapidly through 
the crust and survive before complete inversion to low-pressure polymorphs. The Raman-confirmed presence of diamond spherules in emerald from 
Habachtal provides additional evidence that high-pressure mineral relics were transported into the emerald-forming environment by supercritical 
media. These supercritical systems also provide a mechanism for extreme, selective enrichment of elements. Water-rich melt inclusions, Lorentzian 
element distributions, and high Sn and Be concentrations indicate non-equilibrium concentration during the transition from supercritical to undercritical 
conditions. Together, the evidence supports direct mantle–crust interaction mediated by supercritical fluids or melts and suggests that this process may 
be important, but previously underestimated, in the formation of granitic, pegmatitic, and ore-related systems..
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Introduction

High-pressure and ultra-high-pressure mineral inclusions hosted 
by rocks that otherwise record comparatively low-pressure crustal 
conditions pose a fundamental problem for conventional models of 
crustal mineral formation. Minerals such as diamond, moissanite, 
coesite, stishovite, reidite, lonsdaleite, and orthorhombic cassiterite 
require formation or stabilization at pressures far above those inferred 
for many host assemblages. Their survival in granitic, pegmatitic, 
metamorphic, and ore-related settings therefore requires a mechanism 
capable of rapidly transferring material from deep lithospheric or 
mantle-related domains into upper-crustal environments while limiting 
transformation to lower-pressure polymorphs. Recent observations 
from emerald-bearing rocks of the Habachtal, prismatine-bearing 
granulite from Waldheim in the Saxon Granulite Massif, topaz from 
the Greifenstein granite, and cassiterite from Variscan tin deposits point 
to such a process. These occurrences contain high-pressure mineral 
relics, water-rich melt inclusions, and trace-element distributions that 
are difficult to explain by equilibrium crystallization or conventional 

low-temperature hydrothermal redistribution alone. In several 
examples, the inclusions are smooth, spherical to subspherical, or 
composite, suggesting entrainment, mechanical abrasion, and possible 
chemical modification during ascent. This contribution evaluates the 
interpretation that supercritical fluids or melts served as the principal 
carrier. When H2O and aluminosilicate components become fully 
miscible, supercritical media can combine the mobility of fluids with 
the element-carrying capacity of melts. In this state, they can mobilize 
dissolved components and entrain mineral relics, enabling rapid trans-
crustal transfer of high-pressure phases and selective enrichment 
of metals and volatile components. The paper builds on earlier work 
presented at the ACROFI IX meeting in Nanjing in 2022, where complete 
miscibility between silicate melts and hydrous fluids and the enrichment 
of selected elements in the supercritical state were discussed. Since then, 
additional observations have strengthened the case that this mode of 
transfer may represent a broader geological process. The following 
sections summarize key examples and examine their implications for 
direct mantle–crust interaction, rapid material movement, and the 
formation of granitic, pegmatitic, and ore-related systems.
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Results

Emerald from the Habachtal

The Habachtal emerald deposit provides an important starting 
point for evaluating the role of deep-derived inputs in crustal mineral-
forming systems [1,2]. Re-homogenization experiments on melt 
inclusions yielded temperatures of approximately 700°C at 5 kbar, 
substantially higher than many earlier estimates for emerald formation 
in this locality. As shown in Figure 1, a key observation is the presence 
of water-rich melt inclusions containing approximately 30 wt.% H2O. 
These inclusions were previously easy to overlook or misclassify as 
solid inclusions, but their abundance and composition indicate that 
they are central to understanding emerald formation at Habachtal. 
Similar secondary inclusion planes have also been observed in topaz 
from Schneckenstein [3], where they occur perpendicular to the c-axis. 
Following Taleb’s (2018) [4] emphasis on rare but highly significant 
observations, these inclusions can be regarded as diagnostic rather 
than incidental. Their occurrence challenges interpretations based 
solely on conventional fluid inclusions. In addition, Figure 2 shows 
a well-defined Lorentzian relationship between MgCO3 content and 
water concentration, suggesting non-equilibrium enrichment in a 
supercritical medium.

The relationship shown in Figure 2 can be interpreted as evidence 
for an ion-exchange process involving carbonate complexes, expressed 
schematically as BeCO3 → MgCO3. In this interpretation, Be was 
transported in a supercritical fluid as a carbonate species, whereas Mg 
was supplied by interaction with the surrounding rocks. A broader 
summary of supercritical fluids and melts in granites and pegmatites 
is given by Thomas et al. (2022) [5].

New Raman spectroscopic results, including the detection of 
diamond spherules in emerald and in melt inclusions, support the 
involvement of supercritical media in emerald formation (Table 1).

The broad first-order diamond band and associated G-band 
indicate very small, structurally imperfect diamond or diamond-like 
carbon (DLC) particles, consistent with rapid transport and partial 
modification in a supercritical medium. The principal result from 
Habachtal is that emerald crystallization began near 700°C and 5 kbar 
from a supercritical, water-rich silicate melt containing approximately 
30 wt.% H2O. These conditions require a reassessment of the deposit’s 
formation model. These results contrast with previously accepted 
pressure-temperature estimates for the pre-Alpine event (<3 kbar and 
<450°C) and the Alpine event (4.5–6 kbar and 500–550°C [6-9]. Those 
estimates were derived mainly from mineral equilibria, whereas the 
present observations point to a supercritical input that may not have 
been in equilibrium with the host assemblage.

Spherical Crystals in the Prismatine Rock from Waldheim/
Saxony

To test whether this process is restricted to Habachtal or reflects a 
broader phenomenon, prismatine-bearing granulite from Waldheim 
in the Saxon Granulite Massif was examined by polarization 
microscopy and micro-Raman spectroscopy. The Waldheim samples 
contain ultra-high-pressure mineral inclusions in rocks that otherwise 
record crustal metamorphic conditions. Water-rich stishovite and 

Figure 1: Melt inclusions in emerald from Habachtal/Austria. a) Melt inclusion in emerald 
composed of a large glass part (G), two liquid phases L1 and L2, and a small vapor phase 
(V). b) Melt inclusion in emerald with glass (G), liquid (L), and vapor (V). c) Melt 
inclusion in the same emerald crystal. G – glass, L - liquid phase, V -vapor phase, and a 
MgCO3 daughter crystal.

Figure 2: Lorentzian distribution of MgCO3 content versus water concentration in 
carbonate-bearing melt inclusions.

Diamond FWHM G-band FWHM n

1331.5 ± 1.5 cm-1 62.0 ± 20.0 cm-1 1579.1 ± 6.4 cm-1 63.2 ± 12.4 cm-1 9

FWHM = full width at half maximum; n = number of measured crystals.

Table 1: Results of Raman measurements in the first-order diamond Raman region of 
emerald from Habachtal, Austria.
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coesite occur in the prismatine-bearing granulite. According to Ono 
et al. (2017) [9], these phases indicate pressures of approximately 
8–9 GPa at about 1000°C, corresponding to depths of roughly 240–
300 km. These values are far higher than the maximum pressure of 
about 1.0 GPa estimated for prismatine crystallization by Rötzler et 
al. (2008) [10]. A characteristic feature of the Waldheim material is 
the abundance of spherical to subspherical mineral inclusions with 
smooth surfaces and diameters commonly between 10 and 50 µm. 
These inclusions are mostly monomineralic and include zircon, 
diamond, moissanite, coesite, and related phases. They occur mainly 
in prismatine but are also present in corundum, dravite, garnet, 

and sillimanite. In the prismatine rock, the zircon sphere frequency 
is approximately 180 per cm3. Kalkowsky (1907) [11] had already 
described such smooth zircon spheres as resembling oil drops, 
although no genetic interpretation was proposed at that time. Some 
inclusions are composite, with one rounded crystal enclosed within 
another; for example, anorthite spheres occur within a corundum 
matrix. These textures suggest mechanical abrasion and possible 
chemical corrosion during movement in a fast-moving supercritical 
fluid or melt. The occurrence of spheres within spheres further implies 
that the process was multi-stage. Figures 3–6 illustrate representative 
spherical and subspherical inclusions from the Saxon Granulite 
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Figure 3: a) Reidite-zircon inclusion in quartz. b to d) zircon in prismatine. e) a conglomerate of coesite ellipsoids in prismatine. f) spherical anorthite crystals in an ellipsoid corundum crystal.
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Massif. Their morphology and internal relationships provide direct 
textural evidence for transport and entrainment.

Figure 4 shows a zircon–reidite inclusion in the center of an 
elliptical high-quartz crystal. Radial fractures in the quartz host 
are consistent with volume expansion during the transformation of 
primary reidite to zircon. Figure 5 shows an elliptical kyanite inclusion 
in dravite.

The zircon–reidite transition requires minimum pressures 
of approximately 8–12 GPa at 1100–1900 K under supercritical 
conditions [12].

Figure 6 shows albite enclosed within a spherical corundum 
crystal, providing another example of a composite inclusion texture. 
These spherical crystals are mineralogically foreign to the Waldheim 
prismatine assemblage and are therefore interpreted as exotic 
inclusions introduced during rapid transport via supercritical media.

If supercritical transfer is a general geological process, comparable 
evidence should occur in other settings. Variscan mineralizations in 
the Erzgebirge commonly show features consistent with supercritical 
fluids or melts. That prompted a search for comparable rounded 
inclusions in granitic minerals, where similar textures were identified 
in topaz and plagioclase.

Spherical Crystals in Topaz from the Greifenstein Granite

Topaz from the Greifenstein granite contains numerous 
rounded to elliptical inclusions. Their smooth morphology suggests 
incorporation during the rapid crystallization of the host topaz. 
Such rapid growth may have helped preserve high-pressure minerals 
derived from greater depth (Figure 7).

As in the Waldheim prismatine rock, the Greifenstein inclusions 
are out of equilibrium with the low-pressure host assemblage. Their 
occurrence in topaz therefore provides additional evidence for the 
introduction of high-pressure and high-temperature mineral relics 
from deeper domains (Figures 8-10).

Note that the SiC powder used for sample preparation has a grain 
size of 10 µm and always shows sharp edges (Figure 11).

Figure 4: Zircon-reidite crystal in the center of a high-quartz crystal.

Figure 5: Elliptical kyanite inclusion in dravite. Near this inclusion is a spherical aggregate 
of nano-diamond, moissanite, and graphite, as well as a water-rich supercritical melt 
inclusion.

 

30 µm
Figure 6: Albite inclusion in a spherical corundum crystal.

 

20 µm

Gr

Figure 7: Disk-like elliptical graphite inclusion in topaz of the Greifenstein granite.
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Additional evidence comes from ore minerals that contain relics 
of high-pressure, high-temperature conditions. A representative 
example is the occurrence of mostly rounded orthorhombic cassiterite 
inclusions in tetragonal cassiterite from Variscan tin deposits in 
the Erzgebirge and Slavkovský les [11,12]. Figure 12 illustrates 
orthorhombic cassiterite inclusions in tetragonal cassiterite.

Orthorhombic cassiterite inclusions in tetragonal cassiterite are 
abundant in several samples. For example, the cassiterite sample Sn-
58 from Ehrenfriedersdorf contains more than 120,000 orthorhombic 
cassiterite crystals per cm3, with a mean diameter of 13.2 µm. Larger 
grains also occur; in sample Sn-70, grains reach 320 µm in diameter. 
Many orthorhombic cassiterite crystals are of the CaCl2-type structure 
and correspond to pressures of approximately 18.9 GPa [14], and 
references therein. Also, the cotunnite-type (PbCl2-type), which 
forms at pressures >74 GPa and high temperatures, is not rare. 
Their abundance suggests that Sn was not derived solely from the 
surrounding granite, but was introduced at least in part by supercritical 
fluids or melts from greater depth. A simple mass-balance calculation 
[13] supports this conclusion, because the approximately 38 ppm Sn 
content of the surrounding granite is insufficient to generate such a 
large and rich tin deposit. Earlier genetic models explained Variscan tin 
mineralization mainly through redistribution of granite-derived Sn by 

 

Figure 8: Diamond in a moissanite (SiC)-rich spherical inclusion in topaz from the 
Greifenstein granite. This inclusion is about 30-55 µm below the surface of the 300 
µm-thick sample. Toz – topaz host crystal, TozOH – OH-rich topaz, SiC – moissanite, 
D – diamond, Qtz – quartz (primary stishovite or coesite - see the asymmetric volume 
change), Coe – coesite.

 

Figure 10: A complex moissanite (SiC) inclusion in topaz (Toz-2) from the Greifenstein. 
granite. D – diamond, Sti – stishovite, Coe - coesite, Qtz – quartz. Toz-1 is an earlier topaz 
inside the moissanite aggregate. The paragenesis clearly shows that no preparation step 
introduces the moissanite inclusion. 

 

600 700 800 900 1 000 1 100 1 200 1 300 1 400 1 500 1 600 1 700

In
te

ns
ity

 7
55

.5
 7

78
.9

 9
56

.7

 1
31

0.
7

 1
32

2.
3

 1
55

6.
0

 1
59

2.
1 1

32
9.

0

Raman shift (cm-1)

In
te

ns
ity

 (
a.u

.)

Figure 11: Raman spectrum of moissanite, with bands at 755.5, 778.9, and 956.7 cm-1, 
and a two-phase diamond–lonsdaleite particle, with bands at 1310.7 and 1322.3 cm-1. The 
lonsdaleite mode of hexagonal diamond can vary between 1320 and 1327 cm-1.

 

Figure 12: Orthorhombic cassiterite (o-SnO2) in tetragonal cassiterite (t-SnO2) Sn-19 
from the Sauberg mine near Ehrenfriedersdorf.

 

Figure 9: The diamonds in moissanite in topaz of the Greifenstein granite are mainly of 
the hexagonal diamond polytype. From 28 measurements, we obtained a value of 1325.4 
± 4.4 cm-1 for the diamond first-order line. The FWHM is 10.8 ± 4.1 cm-1. FWHM - Full 
Width at Half Maximum.
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low-temperature hydrothermal processes, supported by fluid-inclusion 
homogenization temperatures near 400°C. However, the discovery of 
melt inclusions in quartz containing up to 16,300 ppm Sn substantially 
changes this interpretation. As in the Habachtal emerald system, 
conventional fluid inclusions appear to record secondary or late-stage 
processes rather than the primary metal-transport event (Figure 13).

Similar Lorentzian distributions, expressed as element 
concentration versus melt inclusion water content, were observed for 
20 elements [5]. We interpret these distributions as resulting from 
direct interaction between supercritical fluids and/or supercritical 
melts generated in mantle regions and the crust. A further example 
is provided by topaz from Schneckenstein [3]. This topaz contains 
numerous fluid inclusions on planes perpendicular to the c-axis, 
with homogenization temperatures of 407 ± 25°C. Although these 
inclusions may appear primary, the same topaz also contains remnants 
of high-temperature, high-pressure Ti-topaz, diamond-like carbon 
(DLC) spheres, and statistically distributed spherical, colorless boron 
inclusions. Boron is normally black or dark-coloured and opaque, but 
it can become transparent under high pressures of approximately 19–
89 GPa as boron atoms rearrange into different crystal structures [16]. 
Figure 14 shows a Raman spectrum of a mixture of α- and β-boron, as 
well as a photomicrograph of such a transparent boron sphere.

The Raman bands around 265 and 283 cm-1 are due to the topaz 
matrix. Because of the large Al supply from the topaz matrix, α- and 
β-AlB12 components are possible [3,17].

Conclusion

The results show that minerals preserved in comparatively low-
pressure crustal host rocks contain inclusions that require high-
pressure to ultra-high-pressure conditions. These phases include 
diamond, boron, moissanite, coesite, stishovite, lonsdaleite, reidite, 

 

Figure 13: Ehrenfriedersdorf, Sauberg mine: Lorentzian distribution of tin versus water 
concentration of the corresponding solvus curve. The maximum is about 16,300 ppm Sn 
and corresponds to the maximum solubility of Sn at the transition from supercritical to 
undercritical conditions at about 750°C. Figure 14: Raman spectrum of a mixture of a- and b-rhombohedral boron in topaz from 

Schneckenstein. The inset shows a spherical boron crystal with a diameter of 9 µm at a 
depth of 10 µm. The dark inclusion, possibly diamond, shows that the boron is transparent.

orthorhombic cassiterite, and related minerals. Their occurrence 
in emerald, prismatine granulite, topaz, and cassiterite is difficult 
to reconcile with conventional equilibrium crystallization or 
low-temperature hydrothermal models alone. In particular, the 
Raman-confirmed diamond spherules in emerald from Habachtal 
strengthen the interpretation that high-pressure mineral relics were 
introduced into the emerald-forming environment by supercritical 
media. A recurring feature of these occurrences is the presence 
of smooth, rounded, spherical, or subspherical inclusions, locally 
including composite textures such as spheres within spheres. These 
morphologies indicate mechanical abrasion, entrainment, and possible 
chemical modification during ascent. The high-pressure mineralogy 
and preservation of metastable phases require rapid transfer, fast 
enough to prevent complete inversion to lower-pressure polymorphs 
during emplacement. The most consistent explanation is movement 
by supercritical fluids or melts in which H2O and aluminosilicate 
components are fully miscible. Such media combine high mobility 
with the capacity to carry dissolved elements and suspended mineral 
relics. In this model, supercritical fluids or melts can entrain tiny 
high-pressure crystals at depth, move them rapidly through the 
crust, and introduce them into mineral-forming environments that 
otherwise record much lower pressures. The Habachtal emerald, 
Waldheim prismatine granulite, Greifenstein topaz, and Variscan 
cassiterite examples also show that this mechanism is linked to 
element enrichment. Water-rich melt inclusions, Lorentzian element 
distributions, and exceptionally high Sn concentrations indicate non-
equilibrium metal and volatile concentrations during the transition 
between supercritical and undercritical conditions. That provides 
a mechanism for selectively enriching elements such as Be and Sn 
and helps explain the unusually productive granitic and ore-forming 
systems. Overall, the evidence supports direct mantle–crust interaction 
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mediated by supercritical fluids or melts. This process may be more 
widespread than previously recognized and should be considered 
when high-pressure mineral relics, rounded inclusion textures, water-
rich melt inclusions, and extreme trace-element enrichments occur 
together in crustal rocks and mineral deposits.
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