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Abstract Raman-based geobarometry has recently become
increasingly popular because it is an elegant way to obtain
information on peak metamorphic conditions or the entire
pressure-temperature-time (P-T-t) path of metamorphic rocks,
especially those formed under ultrahigh-pressure (UHP)
conditions. However, several problems need to be solved to
get reliable estimates of metamorphic conditions. In this paper
we present some examples of difficulties which can arise
during the Raman spectroscopy study of solid inclusions from
ultrahigh-pressure metamorphic rocks.

Keywords Raman spectroscopy . Thermoelastic model .

Coesite . Quartz . Aragonite . Calcite

Introduction

Recovery of peak metamorphic conditions for ultrahigh-
pressure metamorphic (UHPM) rocks is a big challenge,

because frequently these rocks undergo nearly isothermal
decompression hiding any sign of the UHP stage. Coesite
and diamond are the best mineral indicators that the mineral
assemblages in crustal-derived metamorphic rocks were
formed at depths of more than 90 km and more than
120 km, respectively [1–3]. Raman spectroscopy was
originally used to prove the presence of relics via UHP
mineral indicators (e.g., diamond or coesite) [1–4]. Only
recently has the pressure dependence of the Raman bands
started to be used as a new type of geobarometer [5–7]. For
instance very high residual pressure was confirmed by
Raman spectroscopy for different solid phase inclusions in
refractory minerals (e.g., diamond, garnet, kyanite, zircons)
formed in the coesite or diamond stability field (see [5–11]
and references therein).

It is noteworthy that coesite inclusions in refractory
minerals (e.g., garnet, kyanite, zircon, clinopyroxene) from
different UHPM complexes exhibit different degrees of
retrogression to quartz [1, 2, 8, 11]. Raman spectroscopic
study of these two SiO2 polymorphs clearly indicates
different residual pressure within the single inclusions of
2.0–2.3 GPa for coesite and 0.8–1.5 GPa for quartz,
respectively [6, 8, 10, 11]. This discrepancy is inconsistent
with local equilibrium postulates, which are milestones of
metamorphic petrology. Furthermore despite the presence
of a strong optical halo in the host garnet around such
bimineralic coesite-quartz inclusions (Figs. 1, 2 and 3) no
measurable overpressure was documented by Raman
spectroscopy in the host garnet adjacent to inclusions [8].

Complex aragonite-calcite inclusions in garnet from
diamond-bearing calcite marbles without measurable up-
shift of Raman bands for both polymorphs of CaCO3

clearly indicate very low values of overpressure for the
aragonite and calcite [12]. Lack of overpressure for these
inclusions is inconsistent with their UHPM origin. However,
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there are several independent pieces of evidence (e.g.,
diamond or K-bearing clinopyroxene inclusions) for the
UHPM origin of the host garnet; therefore all inclusions must
also have formed under UHPM conditions. The problems of
Raman-based geobarometry can be summarized as follows:

– Differences of pressure values exist for solid phases
within the single multiphase inclusions

– Significant differences in pressure exist between inclu-
sion and host mineral

– There is an influence of the symmetry of the solid
inclusion on the strain pattern inside the inclusion

In this paper we would like to discuss whether these
problems indeed belong to Raman spectroscopy per se or

are simply related to inadequate models which are generally
used in petrology.

Experimental techniques

Raman spectra were obtained by using a Kaiser System
Hololab 5000R modular Raman microspectrometer (f/1.8)
(KOSI, Ecully, France). The microscope was fitted with
a ×100 objective (PL Fluotar L, N.A. 0.75, W.D. 4.7 mm,
Leica). Samples were excited by using 45–50 mW of 785-
nm laser light from a diode laser (Toptica Photonics AG,
Martinsried/ Munich, Germany). The scattered light was
guided to the spectrograph by means of a confocal, 15-µm

Fig. 1 Microphotographs of
bimineralic coesite (Coe)-quartz
(Qtz) inclusion in garnet (Grt)
from diamond-bearing clinozoi-
site gneisses (sample B94-331a)
from the Barchi-Kol area
(Kokchetav massif, Northern
Kazakhstan): an overview (a, b)
and details (c, d). The inclusion
is surrounded by an optical halo.
Note that the quartz shell is
optically invisible and was
detected by Raman
spectroscopy; for detail see [8]
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aperture collection fiber. A back-illuminated deep deple-
tion Peltier-cooled CCD detector (Andor, Belfast, North-
ern Ireland) operating at −70 °C was used for the
detection of the scattered light. The Raman signal was
collected in the spectral interval of 100–3,100 cm−1 with
a spectral resolution of 4 cm−1. The spectra were recorded
with 15-s accumulation time. Further details of the calibra-
tion procedure can be found elsewhere [13]. Several 20×20
Raman mappings were performed with a spacing of 1.5–
2 µm for coesite inclusions in garnet from garnet-
clinozoisite-biotite gneisses described in detail elsewhere
[14, 15].

Samples

Three samples including aragonite, quartz, and coesite
inclusions in garnet from the Kokchetav massif (Northern
Kazakhstan) are presented in this study. An influence of the
symmetry of the solid inclusion on the strain patterns inside
the inclusions was of interest. All studied inclusions are
located several microns below the surface. The unexposed
inclusions were chosen to avoid the possible partial or
complete relaxation of strain. However, as was shown
recently [8, 16], the pressures do not relax completely even
for inclusions partly exposed at the surface.

Aragonite inclusions in garnet

Aragonite inclusions were only recently identified in
diamond-grade metamorphic rocks by using Raman spec-
troscopy [16, 17]. Complex polycrystalline inclusion con-
sisting of aragonite-calcite and monocrystalline aragonite
inclusions from diamond-bearing marbles (sample
GAK101) from the Kumdy-Kol microdiamond deposit

(Kokchetav massif ) were selected for this study (Fig. 4).
The complex polycrystalline aragonite-calcite inclusion was
described in detail in [12]. Almost all polycrystalline
aragonite-bearing inclusions display rounded shapes and a
sharp carbonate–garnet interface. The lack of dense radial
crack patterns around the aragonite-bearing inclusions is
another typical feature of this type of inclusion. Some
polycrystalline carbonate inclusions contain fine-grained
dirty aggregates with high interference colors (see Fig. 5a, b
[12] and Fig. 6). Calcite coexisting with aragonite, at least
on an optical basis, behaves as a monocrystal, although the
orientation of aragonite is often different from the orienta-
tion of calcite.

Monocrystalline inclusions of aragonite in garnet (sample
GAK101) were identified for the first time for diamond-
grade metamorphic rocks. These inclusions are characterized
by rounded shapes similar to polycrystalline aragonite-
calcite inclusions and are subhedral or rarely euhedral. No
radial crack pattern was found to be associated with
monocrystalline aragonite inclusions (Fig. 4c, d). Estimates
of peak metamorphic conditions are as high as T=950–
1,050 °C and P∼6.5 GPa [18, 19].

Quartz inclusions in garnet

The monocrystalline quartz inclusions are very common
inclusions in metamorphic garnet. In our study we focus
on monocrystalline quartz inclusions which also have
birefringent halos of different intensity (Fig. 5). This type
of quartz inclusions is very common in garnet-kyanite-
quartz-micaschists from the Barchi-Kol area [14, 15], as
well as the Kulet area. The detail of geological settings and
sample descriptions can be found elsewhere [10, 16, 20–23].
Here we will summarize only the most important features.
The quartz inclusions are variable in size (up to 100 µm in
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Fig. 3 Microphotographs of bimineralic coesite (Coe)-quartz inclu-
sion in garnet (Grt) (a) and representative Raman spectra of I coesite
(blue), II quartz (red), and III garnet (green). Band positions of quartz
and coesite, which were used to estimate the residual pressure, are

indicated by italic and normal font, respectively. Residual pressure for
coesite and quartz were estimated based on pressure dependency of
positions of Raman bands from [34]
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diameter) and are extremely abundant in the core of some
garnet porphyroblasts (Fig. 5). These garnet porphyroblasts
have typical prograde zoning pattern (e.g., MnO decreases
from core to rim; see Fig. 7 [10]). All monocrystalline quartz
inclusions are euhedral and are surrounded by birefringent
halo, but no correlation was found between size and

intensity of the halo and size of quartz inclusions. Some of
the inclusions are also surrounded by tiny radial cracks (see
[16], Fig. 4), a common feature of coesite inclusions [1, 2].
The peak metamorphic conditions for the sample are
estimated to be as high as 600–650 °C and 1.6–2.4 GPa
[16].

Fig. 5 Microphotographs of
monocrystalline quartz (Qtz)
inclusions in garnet (Grt) from
the garnet-kyanite-quartz-
micaschist from the Barchi-Kol
area, Kokchetav massif (sample
B01-3) obtained by using a–c
plane-polarized light and b–d
cross-polarized light. There is a
radial crack pattern or an optical
birefringent halo around the
quartz inclusion indicating
relatively high values of residual
pressure inside the inclusion

Fig. 4 Microphotographs of
bimineralic calcite-aragonite
inclusion (a, b) and monocrys-
talline aragonite (Ar) inclusion
(c, d) in garnet (Grt) from
diamond-bearing calcite (Cal)
marble (sample GAK101) from
Kumdy-Kol microdiamond
deposit (Kokchetav massif,
Northern Kazakhstan)
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Coesite inclusions in garnet

For this study we selected unexposed coesite inclusions in
garnet from the garnet-clinozoisite-biotite gneisses (B94-
331a) [14, 15], because in this rock type coesite is very well
preserved and there is no trace of quartz, which can be
detected by optical microscopy (Fig. 1). The inclusion is
euhedral and slightly elongated, about 17×22 µm in size.
The very tiny cracks occur at apices of coesite inclusions
(Fig. 1c). This inclusion, as well as many others from this
sample, is surrounded by a strong optical birefringent halo
(Fig. 1d).

The P-T parameters of peak metamorphic conditions for
this rock are estimated to be as high as greater than 4 GPa
and 900–1,000 °C [14]. Retrograde stage was also
relatively well defined at 650–750 °C and 1.0–1.2 GPa
[14, 24].

Results of Raman microspectroscopic study

Aragonite inclusions in garnet

Carbonates are distinguishable by their diagnostic Raman
spectra ([25–32] and references therein). However, the
pressure dependence of the vibrational frequencies is only
well known in the case of particular carbonates [28].
Because of the small sample volumes and the possibility
to analyze unexposed inclusions, nondestructive Raman
mapping is a very promising tool for the identification and
study of the spatial distribution of carbonates within
inclusions.

The two polymorphs of CaCO3, calcite and aragonite,
were distinguished in the samples studied by analyzing
their diagnostic Raman spectra (Figs. 6, 7 and Table 1).

Calcite is characterized by a strong band at 1,086 cm−1,
along with other weaker bands at 156, 283, and 713 cm−1

[33]. The main band of aragonite is also located at
1,086 cm−1 with subsidiary bands at 154, 181, 191, 208,
249, 261, 273, 283, and 704 cm−1 [33]. Only the bands
marked in italics were documented in this study. The host
garnet is characterized by a strong band at 896 cm−1, along
with other weaker bands at 367, 547, 835, and 1,022 cm−1

(Fig. 7). A slight downshift of roughly 1 cm−1 in the
283 cm−1 calcite band was observed. A weak band appears
at 282 cm−1 in the aragonite spectrum. Most likely this
band is caused by very fine-grained calcite-aragonite
intergrowth, because the band at around 283 cm−1 in the
Raman spectrum of aragonite is generally very weak [33].
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Fig. 6 Representative Raman spectra of a aragonite (blue spectrum)
and b calcite (red spectrum) from polycrystalline carbonate inclusion
and garnet host (black spectrum)
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spectra) from monocrystalline carbonate inclusion and garnet host
(black spectrum) from monocrystalline aragonite inclusion. Points of
location are marked on the photo (inset) by using the same colors as

the corresponding spectra. No trace of optically undetectable calcite
was found within the inclusion by Raman mapping, presented in
Fig. 8
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Fig. 8 Raman maps of main aragonite bands 154, 208, 711, and 1086 cm−1 position (left column) and FWHM (right column). There are no
measurable upshifts or broadening of aragonite bands, indicating lack of overpressure inside aragonite the inclusion
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Several additional very intense and rather narrow bands
appear around 1,325, 1,347, and 1,452 cm−1 in the
aragonite spectrum (Fig. 7a). When excited with a different
laser source (Ar+, 514.5 nm) the aragonite exhibited no
band at these positions. Thus, these bands are considered to
be luminescent bands. Calcite also has several luminescent
bands, but these are generally broader and less intense
(Fig. 7b).

Raman mapping of a polycrystalline carbonate inclusion
revealed mainly calcite and an area with bands, typically
assigned to aragonite (Fig. 9). The band position of
aragonite and calcite corresponds to literature spectra
obtained at ambient conditions (Fig. 7 and Table 1). The
measured Raman band positions might also be slightly
affected by the analytical conditions and exhibit slight
differences compared to the literature ones (different
calibration standards, slit width, gratings, etc.). It can thus
be misleading to check whether minor Raman band shifts
indicate residual overpressure inside the inclusion. When a
subsurface inclusion is exposed at the surface through
polishing, its residual pressure disappears. Hence, one
inclusion was exposed at the thin section surface and
reanalyzed to detect residual pressures. The band positions
of calcite and aragonite are equal to the positions of the
intact inclusion. This observation implies that no measur-
able shifts of the main Raman band of calcite and aragonite
in the polycrystalline inclusion were overlooked.

Quartz inclusions in garnet

Coesite and α-quartz are distinguishable by their diagnostic
Raman spectra. Coesite is characterized by a strong band at
521 cm−1, along with other weaker bands at 116, 151, 176,

204, 269, 326, 355, 427, 466, 661, 795, 815, 1,036, 1,065,
1,144, and 1,164 cm−1 at room temperature and atmospheric
pressure [4, 34, 35]. The main band of α-quartz is located at
464 cm−1 with subsidiary bands at 128, 206, 265, 355, 394,
401, 450, 511, 696, 796, 808, 1,069, 1,085, 1,162, and
1,230 cm−1 [34]. However, only bands marked in italic fonts
were documented in this study. Host garnet is characterized
by a strong band at 905 cm−1, along with other weaker bands
at 180, 231, 366, 485, 508, 557, 638, 845, and 1,036 cm−1.

There is a significant shift of main quartz Raman bands
for all quartz inclusions in garnet from sample B01-3
(Table 2). Representative Raman spectra are shown in
Fig. 10. The highest shift of the main quartz band (up to
471 cm−1) was measured for an unexposed quartz inclu-
sion. For inclusions partly exposed at the surface the shift is
lower (about 467–468 cm−1), but these values are still
higher than those for ambient pressure.

Coesite inclusions in garnet

Raman bands of “monomineralic” coesite inside unfrac-
tured garnet show various degrees of shift, indicating
different values of overpressure. Some coesite inclusions,
however, coexist within the same growth zone of host
garnet at a distance less than 10 µm. Most likely these
coesite inclusions formed under the same P-T conditions
and consequently the differences in overpressure could not
be explained by the simple elastic model proposed by
Zhang [36]. Ye et al. [11] proposed that different values of
overpressure related to differences in the extent of coesite-
to-quartz transformation.

Raman mapping of the coesite inclusions in garnet
reveals the following important features. Pressure inside

Table 1 Wavenumbers (cm−1) of calcite and aragonite Raman bands in spectra of representative unexposed polycrystalline and monocrystalline
inclusions

Calcite Aragonite

Polycrystalline Monocrystalline

ν* (cm−1) dν/dP (cm−1/GPa) ν (cm−1) Pi (GPa) ν* (cm−1) dν/dP (cm−1/GPa) ν (cm−1) Pi (GPa) ν (cm−1) Pi (GPa)

155 2.7±0.2 154 10−4 154 10−4

156 2.47±0.3 156 10−4

180 3.4±0.6 180 10−4 180 10−4

209 3.3±0.5 207 10−4 207 10−4

283 5.27±0.4 282 −0.19
702 1.5±0.1 702 10−4 702 10−4

713 2.22±0.2 713 10−4

1,086 5.87±0.4 1086 10−4 1,084 2.3±0.2 1,086 10−4 1,086 10−4

Pressure shifts of the Raman modes of calcite and aragonite were obtained from [28]. Differences between theoretical and measured values of
wavenumbers are likely due to different analytical conditions

ν* theoretical, ν measured in this study, Pi residual pressure in inclusion

Raman-based geobarometry of ultrahigh-pressure metamorphic rocks 2745



coesite inclusions (2.0–2.2 GPa) is uniform and isotropic
[8]. Optically undetectable quartz shell occurs around the
coesite core (Fig. 2b). Pressure estimates for quartz shell
(<1.6 GPa) based on pressure dependence of the main

quartz Raman bands [34, 37] significantly differ from
pressure values for coesite (2.0–2.2 GPa) (Table 2).

More pronounced pressure differences of 2.3 GPa for
coesite and 1.0 GPa for quartz were documented for

Table 2 Wavenumbers (cm−1) of α-quartz and coesite Raman bands in spectra of a representative unexposed inclusion

Quartz Coesite

ν* (cm−1) dν/dP (cm−1/GPa) B01-3 B94-331a v* (cm−1) dν/dP (cm−1/GPa) B94-331a

v (cm−1) Pi v (cm−1) Pi v (cm−1) Pi

128 5.5±0.2 – – 132 0.73 116 7.4±0.4 131.04 2.03

206 19.9±0.7 220 0.70 238 1.6 151 0.8±0.1 150.29 −0.85
265 3.5±0.1 267 0.57 – – 176 5.6±0.2 185.86 0.89

355 −1.2±0.7 353 1.67 – – 204 2.3±0.3 208.84 1.76

394 −0.09±0.03 393 11.11 – – 269 1.1±0.2 270.51 1.37

401 −0.09±0.03 – – – – 326 1±0.1 326.24 0.24

450 4.6±0.1 454 0.87 – – 355 0.44±0.03 355.42 0.95

464 8.0±0.2 469 0.63 477 1.63 427 0.45±0.04 427.22 0.49

696 7.0±0.6 700 0.57 – – 466 0.66±0.06 468.32 3.52

808 5.9±0.7 – – – – 521 2.9±0.1 526.2 1.93

1162 −3.1±0.3 1,157 1.61 – –

Pressure shifts of the Raman modes of α-quartz and coesite were obtained from [34]

ν* theoretical, ν measured in this study, Pi residual pressure in inclusion
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different metamorphic complexes [6, 10, 11]. These differ-
ences may indicate that coesite and quartz are not in
mechanical equilibrium. This fact is difficult to explain by
using the simple elastic model of Zhang [36]. A multi-shell
model was recently proposed by us [38]. The results of the
modeling are presented below.

Results of numerical thermoelastic modeling
of multi-shell systems

In numerical modeling we assume that a system consisting of
spherical layers is formed at the pressure P0 and temperature
T0. The first substance occupies the sphere of the radius r1,
the second one occupies the spherical layer r1<r<r2, and so
on. The shear deformations initially were absent. Let the
system change to an environment with the pressure P and
temperature T. We assume that during this change the system
behaves as an elastic body. The possibility of phase
transformation and changes of elasticity moduli with
temperature are taken into account. The model allows one
to calculate the thermodynamic possibility of phase transi-
tion. Note that the energy of shear deformation can strongly
affect the phase equilibrium diagram. The model (Appendix)
is described in detail elsewhere [16, 38]. The thermodynamic
data involved into the model are taken from [39].

Firstly we investigate the system initially consisting of
20-µm coesite in a 1-mm pyrope host, formed at the
temperature T0=1,300 K and pressure P0=6 GPa (Fig. 11a).
At the final stage (ambient conditions T=298 K, P=
0.0001 GPa) the system consists of coesite-α-quartz-pyrope
(Fig. 11b); for r1<r<20 µm the coesite transforms to α-
quartz. Calculations show that the residual pressure within
the coesite core is ≈2 GPa for r1<10 µm (thick quartz

envelope) and tends to ≈1.5 GPa for r1 → 20 µm (thin
quartz envelope). This is in good agreement with pressure
estimates, obtained by Raman upshift of the main coesite
band, which give a value ≈2 GPa [6, 8, 10, 11].

But the model predicts higher (≈3.5 GPa) pressure in the
quartz shell in contrast to Raman measurements. According
to our Raman spectroscopic study of coesite and quartz
inclusions [8, 16] and published results [6, 10, 11] lower
pressure values, ≈1.5 GPa, were obtained for quartz shell,
surrounding relics of coesite, based on hydrostatic calibra-
tion [34]. The variations of initial pressure and temperature
have almost no effect on final stress distributions. There is a
large pressure in the quartz shell because of high expansion
during coesite-to-quartz transformation. The typical stress
distributions are presented in Fig. 12. The values σt and σr
correspond to tangential and radial components of the stress

a bT ,P0 0 T,P

Pyr Pyr

QtzCoeCoe r1 r1

r2

r3 r3

Fig. 11 Schematic drawings of multi-shell inclusions at initial (a) and
final (b) stages. Pyr (pink) pyrope; Coe (blue) coesite; Qtz (red)
quartz; r1, r2, and r3 radii of coesite, quartz, and pyrope, respectively
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Fig. 10 Representative Raman spectra of monocrystalline euhedral
quartz inclusions in garnet porphyroblast from sample B03-1. There is
a radial crack pattern or an optical birefringent halo around the quartz
inclusion indicating relatively high values of residual pressure inside
the inclusion

Fig. 12 Calculated radial (σr), tangential (σt), and bs ¼ sr þ 2s tð Þ=3 ¼
�P stress distribution in coesite-α-quartz-pyrope system for initial
conditions: T0=1,300 K, P0=6 GPa, RCoe,0=0.02 mm, RPyr=1 mm; and
final conditions: T=298 K, P=10−4 GPa, RCoe=0.01 mm, RQtz=
0.02 mm, and RPyr=1 mm. The elastic properties are taken from [39]
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tensor, respectively; bs ¼ sr þ 2s tð Þ=3 corresponds to the
negative value of the pressure measured in the experiments.
Taking into account the possibility of pyrope cracking, by
putting the pyrope shear modulus equal to 0, we did not
succeed in getting estimates comparable with results
obtained by Raman mapping of coesite inclusions [8].

We also investigated the thermodynamic possibility of
the transformation of coesite to quartz in the multi-shell
systems. The calculations show that for high initial
temperature and pressures (P0∼3÷6 GPa, T0∼1,300 K)
the transition is thermodynamically forbidden. For lower
temperatures and pressures (T0∼600 K, P0∼3÷2.8 GPa) the
thermodynamics allows the transition in a thin layer near
pyrope. These results are consistent with results obtained by
using a more simple model proposed by Guiraud and
Powell [40], which predicts that the higher the initial P-T
conditions are the lower the degree of coesite-to-quartz
transformation during an exhumation.

In the frame of the proposed multi-shell model, the stress
distributions for the composite coesite-α-quartz-garnet
system comparable with Raman mapping results can be
inferred if we assume that originally the system consisted of
coesite in the core (r<10 µm) surrounded by α-quartz shell
of radius 20 µm sealed in 1-mm garnet crystal at the
temperature T0=1,800 K and pressure P0=3 GPa (Fig. 13).
The results weakly depend on the ratio of the radii of
coesite and quartz. But T0=1,800 K is too high for
subduction zone and was not documented so far for any
UHPM complexes.

Discussion

Raman-based geobarometry of deeply subducted crustal-
derived rocks [6, 8, 10, 11, 16], mantle xenoliths or/and
diamonds [5, 7] reveals that some samples can preserve
very high residual pressure inside inclusions. This infor-
mation is very important because it help us to understand
the geological processes, which cause the subduction of
crustal-derived protolith to mantle depth (>150 km), and
obtain more reliable estimates of peak metamorphic
conditions for such samples.

Raman spectroscopy was recently used to identify
minerals in isolated sealed inclusion chambers in some
New South Wales (Australia) diamonds and to determine
the remnant internal pressure on each inclusion with values
of 3.03, 3.31, and 3.54–3.62 GPa for coesite; 0.42, 1.36,
and 2.3 GPa for diopsidic omphacite; and 0.8 GPa for
grossular garnet [41]. Barron et al. [41] found that the
diamond stress due to remnant pressure is proportional to
the maximum strain birefringence around each inclusion.
They claimed that simple birefringence measurements of
diamond adjacent to inclusions can be used to estimate
remnant pressures on inclusions. This model later strongly
criticized by Howell and Nasdala [42]. Strong birefringent
halos were also documented in garnet host around high-
temperature coesite [8] and some quartz inclusions [16], but
no measurable overpressure was found within these
birefringent halos.

The anisotropic stress distribution in the host kimberlitic
diamond around graphite inclusions was recently docu-
mented by Raman mapping [5, 43]. Kimberlites, the
deepest terrestrial magmas and the principal source of
diamonds, must have low viscosity and high buoyancy,
which govern their exceptionally fast transport from mantle
depths to the surface ([44, 45] and references therein). The
very fast uplift of the mantle xenolith by kimberlites (only a
few hours) prevents any plastic deformation, despite the
fact that s tt

h � s rr
h

�� ��� Yh, where Yh is the yield strength of
the host mineral [36]. However the initial pressure can
partially release through fracturing of the surrounding host
mineral upon heterogeneous expansion of inclusion couples
[46, 47]. The highest values of overpressures (up to
3.6 GPa) were documented exclusively for various inclu-
sions in kimberlitic diamonds [5, 7, 41, 43].

Exhumation rate of UHPM rocks is much lower (2–
5 cm/year [48, 49]) compared to very fast uplift of mantle
xenolith by kimberlite. However exhumation rates 100 m/year
comparable to ascent rates of magma were recently proposed
by Stöckhert et al. [50], based on brittle failure of the garnet
host around diamond-bearing COH + silicate fluid inclu-
sions. Large internal overpressures commonly arise when a
rock undergoes decompression without significant cooling
[50]. So far the maximum overpressure values for fluid

Fig. 13 Calculated radial (σr), tangential (σt), and bs ¼ sr þ 2s tð Þ=3 ¼
�P stress distribution in coesite-α-quartz-pyrope system for initial
conditions: T0=1,800 K, P0=3 GPa, RCoe,0=0.01 mm, RQtz=0.02 mm ,
and RPyr=1 mm; and final conditions: T=298 K, P=10−4 GPa, RCoe=
0.01 mm, RQtz=0.02 mm, and RPyr=1 mm. The elastic properties are
taken from [39]
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inclusion even in diamond were found to be as high as 1.5–
2.1 GPa [51], whereas for solid inclusions the overpressure
values may exceed 3.5 GPa [5, 7, 41, 43]. This fact implies
that there are differences in behavior of UHPM fluid and
solid inclusions, in particular the solid inclusions having
lower-pressure polymorphs (e.g., diamond-to-graphite,
coesite-to-α-quartz). For instance Raman spectroscopic
study of “monocrystalline” coesite inclusions in zircon and
garnet reveals that there is discrepancy in pressure estimates
for these two SiO2 polymorphs [6, 8, 10, 11]. Pressure
estimates for coesite (2.0–2.2 GPa) and quartz (0.8–1.6 GPa)
were obtained from the pressure dependency of Raman band
position by using reported calibration procedures [34, 37].
The difference of ∼0.5 GPa indicates that coesite and quartz
are not at mechanical equilibrium. But the achievement of
mechanical equilibrium is a very fast process [36]. Thus
mechanical disequilibrium between coesite and quartz
coexisting intimately close is highly unlikely. This discrep-
ancy was one of the main points of criticism of Raman-based
geobarometry (M. Ziemann, personal communication,
2002). However there is an alternative explanation for this
discrepancy.

Formation of low-pressure polymorphs generally starts
at the interface between original high-pressure inclusion
and the host mineral. Appearance of a thin shell of low-
pressure polymorphs changes the stress distribution drasti-
cally in inclusion–host mineral systems. First of all pressure
only within the coesite relics is uniform and isotropic,
despite the fact that coesite inclusions are not completely
spherical and elastically isotropic (see [8], Fig. 2c), while
for quartz and garnet shells pressures are non-hydrostatic
(Fig. 12). Predominantly pressure dependence of Raman
band position was investigated under hydrostatic conditions
[34, 37]. Therefore to get reliable pressure estimates new
calibrations of pressure dependence of Raman band
position under non-hydrostatic conditions are required.

According to experiments by Harker et al. [52] and
Tekippe et al. [53] the sample volume change under uniaxial
stress is smaller than that produced in hydrostatic pressure
experiments [34, 37]. For instance the first-order Raman
shift of diamond shows a strong dependence on hydro-
staticity, with very different pressure dependences observed
under hydrostatic (dνDia/dP is 2.96±0.05 cm−1/GPa) and
non-hydrostatic vDia ¼ 1; 332:6þ 1:294P�ð 0:0062P2Þ
conditions [54]. It is worth noting that under non-
hydrostatic conditions the main Raman peak from diamond
becomes weak and broad (its FWHM is in the range of 18–
121 cm−1, depending on the actual pressure applied) [54].
Unfortunately such information for other geological materi-
als is lacking.

The effect of uniaxial stress on Raman spectra of a single
crystal of α-quartz was studied by Tekippe et al. [53]. They
found that Raman shifts of the most intense quartz bands at

1,081 and 464 cm−1 are about 1.5 and 3.7 cm−1/GPa.
Pressure estimates for quartz shell obtained by using their
calibration are ∼3.5 GPa. This estimate of residual pressure
is in good agreement with results of numerical modeling
(Fig. 12). This fact indicates that non-hydrostaticity within
quartz and garnet shells could be another explanation for
deceptive disequilibrium between SiO2 polymorphs.

Although such very high residual pressure (∼3.5 GPa)
can cause the plastic deformation of quartz and adjacent
garnet, experiments [55] reveals that during compression at
room temperature, all minerals deform plastically at
differential stress of 4–6 GPa. Near isothermal decompres-
sion is very common feature of exhumations UHPM rocks
[48]. Temperature is generally higher than 700 °C during
this stage [48, 56]. The higher temperature will promote the
fast relaxation of an overpressure inside inclusions [55, 57].
The maximum upshift of the main Raman band (521 cm−1

under ambient conditions) for coesite inclusion in garnet
from different UHPM complexes remains the same,
526 cm−1 [6, 8, 11], implying that during decompressions
an overpressure partly releases due to plastic deformation of
garnet host. The plastic deformation also can probably
explain the lack of significant overpressure for garnet host
adjacent to coesite inclusions, but this question requires an
application of TEM and EBSD analyses for such types of
inclusion.

Zhang’s elastic model [36] predicts that the stress inside
the spherical and elastically isotropic inclusion is uniform
and isotropic. Raman mapping of aragonite, quartz, and
coesite inclusions reveals that in general stress distribution
inside semi-spherical inclusions is uniform and isotropic
even for elastically anisotropic minerals (Figs. 1 and 8).
This fact implies that mineral inclusions with different
symmetry provide a very powerful and useful tool for
recovery of residual pressure inside inclusions especially
from UHPM rocks.

Conclusions

Despite all the difficulties Raman-based geobarometry is a
very useful and powerful tool for recovery of metamorphic
conditions. Raman shift of relic phases generally provides
the highest values of overpressures. Pressure inside relics of
high-pressure polymorphs is hydrostatic and weakly or
almost independent from the symmetry of the UHPM relic
minerals. Therefore, these relic phases are favorable for
recovery of peak metamorphic conditions and numerical
modeling of the P-T-t path of the UHPM rocks. Newly
formed phase as well as host mineral rarely preserved
significant values of overpressure if hydrostatic calibrations
of the pressure dependency of Raman band positions were
applied. Apparent disequilibrium in pressure estimates for
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two coexisting SiO2 polymorphs within the inclusions can
be related to non-hydrostaticity within the quartz shell.
Newly formed thin shells of lower-pressure polymorphs
are in mechanical equilibrium with high-pressure poly-
morphs. Pressure release is likely to occur during nearly
isothermal decompression, when plastic behavior of the
minerals is quite possible. The plastic deformation of the
minerals has to be taken into account during geodynamic
modeling of subduction and exhumation. Using an
adequate thermomechanical modeling we can reconstruct
most the probable exhumation P-T path, based on residual
pressure, obtained by using pressure dependence of
Raman bands of UHPM minerals. However, more system-
atic Raman spectroscopic studies of different pairs of
minerals are required, as well as new calibration of
pressure dependency of Raman band positions under
non-hydrostatic conditions.
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Appendix

Multi-shell elastic model

We assume that a system consisting of j0 layers is formed at
the pressure P0 and temperature T0. The first substance
occupies a sphere of the radius r1, the second occupies the
shell r1<r<r2, the j-th substance occupies the shell rj−1<r<
rj . We also assume that all processes are slow, so that the
temperature will be uniform and the body will maintain in
mechanical equilibrium. The temperature of the formation
is high and the stress tensor σik relaxes to an isotropic form:
srr ¼ sqq ¼ sϕϕ ¼ �P0. The radial displacement in initial
stage is expressed by the formula

u0 ¼ A0jr; A0j ¼ �P0

�
3K0j

� �
where K0j is the bulk modulus in j-th substance in initial
state. Let the system change to an environment with the
pressure P and temperature T. We assume that during this
change the system behaves as an elastic body. Below we
indicate the component σrr of stress tensor as σr and sqq ¼
sϕϕ as σt. It is well known [36] that the conditions of
equilibrium give the expression for radial displacement
uðrÞ ¼ C1r þ C2=r2 in each layer. In our case it is more
convenient to write for j-th substance

u ¼ Aj þ Bj

r3j�1

r3

 !
r

In this notation the total displacement is utot=u+u0. For the
stress tensor we have

sr ¼ 3Kj A0j þ Aj � "j
� �� 4GjBj

r3j�1

r3

s t ¼ 3Kj A0j þ Aj � "j
� �þ 2GjBj

r3j�1

r3

where εj is the coefficient of linear expansion due to
temperature change and phase transformation, A, B, and C
are three constants and G is shear modulus. Note, that εj
can be written as εj=(ρ0j /ρj)

1/3−1, where ρ0j is the
substance density at initial temperature T0 and zero pressure
and ρj is the substance density at final temperature T and
(may be) another phase state also for zero pressure.

The conditions of finiteness of displacement in the
center, continuity of radial displacement u, and normal
stress tensor component σr at the boundary between layers
and the condition on the outer boundary of the body may be
expressed thus:

B1 ¼ 0

Aj þ Bjwj ¼ Ajþ1 þ Bjþ1; j ¼ 1; :::; j0� 1

3Kj Aj þ A0j � "j
� �� 4GjBjwj ¼ 3Kjþ1 Ajþ1 þ A0jþ1 � "jþ1

� �
�4Gjþ1Bjþ1; J ¼ 1; :::;j0 � 1

3Kj0 Aj0 þ A0j0 � "j0
� �� 4Gj0Bj0wj0 ¼ �P

where wj ¼ r3j �1

.
r3j We solve this system numerically.
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