
Aragonite-calcite-dolomite relationships in UHPM polycrystalline carbonate

inclusions from the Kokchetav Massif, northern Kazakhstan

ANDREY V. KORSAKOV1,*, KRIS DE GUSSEM2, VLADIMIR P. ZHUKOV3, MARIA PERRAKI4, PETER VANDENABEELE5

and ALEKSANDER V. GOLOVIN1

1 Institute of Geology and Mineralogy of Siberian Branch Russian Academy of Sciences, Koptyug Pr. 3,
Novosibirsk 630090, Russia

*Corresponding author, e-mail: korsakov@uiggm.nsc.ru; korsakov@igm.nsc.ru
2 Department of Analytical Chemistry Raman Research Group, Ghent University, Proeftuinstraat 86,

9000 Ghent, Belgium
3 Institute of Computational Technologies Siberian Branch of the Russian Academy of Sciences,

Acad. Lavrentjev avenue 6, 630090 Novosibirsk, Russia
4 School of Mining and Metallurgical Engineering, National Technical University of Athens, 9 Heroon Politechniou St.,

Zografou, Athens, 15773, Greece
5 Department of Archaeology and Ancient History of Europe, Ghent University, Blandijnberg 2, 9000 Ghent, Belgium

Abstract: The presence of aragonite in polycrystalline carbonate inclusions in garnet in diamond-grade metamorphic rocks from the
Kokchetav Massif, N. Kazakhstan was identified for the first time by means of Raman analyses and mapping, cathodoluminescence
images and optical and scanning electron microscopy. Aragonite appears within the inclusions as dirty, chaotically oriented materials
surrounded by a clean monocrystalline calcite shell; the grain boundary between the host-garnet and the aragonite-bearing inclusions
is often characterized by a wavy or amoeboid shape; no cracks occur around the aragonite-bearing inclusions; no significant shift in
the main aragonite Raman band was measured. These observations indicate that residual pressure within the inclusion is minor. These
features are inconsistent with an origin of aragonite at peak metamorphic conditions (6 GPa) by decomposition of dolomite.
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1. Introduction

The upper limit of peak metamorphic conditions (espe-
cially the maximum pressure Pmax) has been increased
constantly since ultrahigh pressure metamorphism
(UHPM) was first defined (Chopin, 1984; Smith, 1984;
Sobolev & Shatsky, 1990). To date the Pmax for subducted
continental crusts has been estimated at approximately 8–9
GPa (Dobrzhinetskaya et al., 2006; Massonne, 2003;
Zhu & Ogasawara, 2002). Most difficulties in the recon-
struction of Pmax conditions for metapelites and metacar-
bonates are mainly related to the lack of reliable
geobarometers in the 2.0–8.0 GPa interval (Hermann,
2002, 2003b; Hermann & Green, 2001; Lappin & Smith,
1981), although significant progress has been made lately
(Thomsen & Schmidt, 2008, and references therein).
Inclusions in robust minerals that point to UHPM comprise
diamond (C), coesite (SiO2), TiO2 polymorph with a-PbO2

structure. Because of the generally very small size of the
UHPM inclusions, which are close to the optical limit,
analytical techniques for the accurate investigation of

these inclusions are largely confined to transmission elec-
tron microscopy (TEM) (Dobrzhinetskaya et al., 2006;
Hwang et al., 2001, 2004, 2005; Langenhorst, 2003) and
Raman spectroscopic point analysis and mapping
(Korsakov et al., 2007; O’Brien & Ziemann, 2008;
Ogasawara et al., 2002; Perraki et al., 2006, 2007).

TEM techniques enabled the identification of inclusions
of TiO2 polymorphs with a-PbO2 structure in garnet from
the UHP Erzgebirge, Germany (Hwang et al., 2001), point-
ing to a maximum pressure above 4–6 GPa. In addition,
inclusions of aragonite and magnesite in diamonds from the
UHP Kokchetav Massif, Northern Kazakhstan, identified
by TEM with focused ion beam, indicate even higher pres-
sures of approximately 6–9 GPa (Dobrzhinetskaya et al.,
2006), on the basis of earlier experimental studies (Buob
et al., 2006; Goldsmith & Newton, 1969; Hermann, 2003a;
Irving & Wyllie, 1975; Luth, 2001; Sato & Katsura, 2001).

Inclusions of aragonite and pseudomorphs after magne-
site were first published by Zhu & Ogasawara (2002).
However, this observation was disputed by Hermann
(2003a) who claimed that it is inconsistent with other
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petrological data (for discussion see Hermann et al., 2001;
Katayama et al., 2001; Korsakov & Hermann, 2006;
Korsakov et al., 2002, 2004, 2006; Shatsky et al., 1995).

Aragonite inclusions in diamond have recently been
interpreted as evidence of very deep subductions of
roughly 280 km (Dobrzhinetskaya et al., 2006) although
P-T conditions for the main eclogite stage in the eclogites
from the relevant Jæren nappe in the Norwegian
Caledonian orogenic belt, have been estimated at 2.3–2.8
GPa and 585–655 �C (Smit et al., 2008). Aragonite and
magnesite present clear disequilibrium textures, indicating
the replacement of magnesite by aragonite (Smit et al.,
2008). They are inferred to have occurred via a coupled
dissolution/precipitation reaction not related to the break-
down of dolomite.

Inclusions of single dolomite crystals in garnets from
UHP metamorphic rocks from the Kokchetav Massif, N.
Kazakhstan frequently contain diamonds (Korsakov et al.,
2005; Ogasawara et al., 2000; Perraki et al., 2009),
although they bear no indicator of the existence of arago-
nite and magnesite. This observation implies that dolomite
was stable over the entire pressure-temperature-time path
of the diamond-bearing rocks of Kokchetav (Hermann,
2003a).

Information on aragonite coexisting in equilibrium with
magnesite as inclusion in garnet or clinopyroxene is lack-
ing. Dolomite inclusions in garnet from diamond-bearing
marbles from the Kokchetav Massif contain multiphase
inclusions. They are composed of calcite, magnesite, and
amorphous SiO2 with high H2O content (Shatsky et al.,
2006). The origin of this type of inclusions is related to the
crystallization of silicate-carbonate melts (Korsakov &
Hermann, 2006; Korsakov et al., 2006; Shatsky et al.,
2006). So far, diamonds were not recognized inside or in
association with aragonite or magnesite, although poly-
crystalline calcite inclusions in garnet and clinopyroxene
may contain diamond or graphite inclusions (Korsakov &
Hermann, 2006). Sometimes, polycrystalline calcite inclu-
sions bear cavities or holes indicating that some H2O-
soluble components of carbonate inclusions could have
been lost during sample preparation. The lack of a sys-
tematic study of the carbonate inclusions by Raman spec-
troscopy makes it a high possibility that aragonite or other
exotic minerals (e.g., H2O-soluble alkaline carbonates,
sulphates) were overlooked (cf. Chopin et al., 2008).

We investigated several polycrystalline carbonate inclu-
sions of the diamond-grade metamorphic rocks from the
Kokchetav Massif. The unexposed carbonate inclusions at
the thin-section surface were first studied by Raman map-
ping (RM). The samples were then polished until the
inclusions were exposed at the thin-section surface.
Subsequently the inclusions were studied by cathodolumi-
nescence (CL), reflected-light optical microscopy (ROM)
and scanning electron microscopy (SEM). The aim of this
study is to (i) identify phase compositions and spatial
distribution of H2O-soluble components in polycrystalline
carbonate inclusions and (ii) study the aragonite–calcite
dolomite relationships and (iii) discuss the possible origin
of aragonite in the polycrystalline carbonate inclusions.

2. Materials and methods

2.1. Experimental techniques

Raman mapping was performed with a Kaiser System
Hololab 5000R modular Raman microspectrometer (f/
1.8). The microscope was fitted with a 100� objective
(N.A. 0.75, W.D. 4.7 mm). The samples were excited
with approximately 45 to 50 mW net power on the sample
of a 785 nm laser light from a diode laser. The scattered
light was guided to the spectrograph through a confocal
collection fibre with a numerical aperture of 0.15. A back-
illuminated deep depletion Pelletier cooled CCD detector
operating at –70 �C was used for the detection of the
scattered light. The Raman signal was collected in the
spectral interval 100–1800 cm�1 with a spectral resolution
of 4 cm �1. Further details of the calibration procedure can
be found elsewhere (Hutsebaut et al., 2005). The laser spot
size was �1 mm. The spectra were recorded with a 15 s
accumulation time. After collection, the Raman spectra
were processed in matlab with the Biodata toolbox (De
Gussem et al., 2009). The Raman spectra were back-
ground-subtracted with the iterative polynomial fitting
procedure described by Lieber & Mahadevan-Jansen
(2003) (200 iterations, fifth-order polynomial).

Cathodoluminescence (CL) microscopy study was car-
ried out at University of Leuven, Belgium. The internal
structures of polycrystalline carbonate inclusions were
investigated under accelerating conditions of 18 kV and
900 mA.

Textural relations were examined in polished thin sec-
tions by reflected-light optical microscopy and back-scat-
tered electron images on a Camebax electron microprobe
(Electron Microscopy Unit, Université Catholique de
Louvain-la-Neuve) and a JEOL 6380LA (Institute of
Geology and Mineralogy SB RAS, Novosibirsk). The
phase compositions were determined on a JEOL JXA-
8100 using an acceleration voltage of 15 kV and a beam
current of 1 nA and on a Camebax electron microprobe
using an acceleration voltage of 15 kV and a beam current
of 6 nA.

2.2. Petrography

The samples in this study belong to the carbonate-bearing
garnet-pyroxene rocks of the diamondiferous Unit 1 of the
Kokchetav Massif (Dobretsov et al., 1995; Korsakov &
Hermann, 2006; Ogasawara et al., 2000; Pechnikov &
Kaminsky, 2008; Shatsky et al., 1995; Schertl et al.,
2004). Some diamondiferous garnet-pyroxene rocks have
been considered to be isolated bodies within pelitic
gneisses (Shatsky et al., 1995; Sobolev & Shatsky, 1990).
These rocks are closely associated with mainly diamond-
free metacarbonate rocks. Although in some cases there is
a contact between the diamond-free and the diamond-bear-
ing samples, in general diamond spatial distribution is
highly heterogeneous and diamond-bearing and diamond-
free UHPM rocks may occur together. This study has
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focused mainly on an unusual composite sample
(GAK101) containing variable proportions of carbonate
and silicate minerals in different layers (Fig. 1).

Sample GAK101 consists of four different layers ran-
ging from almost white (layer 1) over grey (layer 2 and 3)
to green (layer 4) with variable amounts of carbonate
minerals, garnet and clinopyroxene (Fig. 1a and Table 1).
Grey layers are rich in sulphides (e.g., pyrite and pyrrho-
tite), Ti-clinohumite and serpentine pseudomorphs after
forsterite. Dolomite was identified exclusively in layer 2

(Fig. 1). Only the light-coloured, almost white, layer 1
contains accessory microdiamonds. The mineral assem-
blages from different layers and their specific features are
presented in Table 1.

Polycrystalline carbonate inclusions up to 400 mm in
size predominantly appear within layer 3 (Fig. 1). They
occur mainly in garnet and clinopyroxene porphyroblasts
and have been found in zircon, as well (Korsakov et al.,
2002). These carbonate inclusions closely resemble the
polycrystalline carbonate inclusions that were interpreted
to be crystallization products of UHPM carbonate melts
(Korsakov & Hermann, 2006). However, there exist sig-
nificant differences between these two types of carbonate
inclusions. Almost all magnesian-calcite polycrystalline
inclusions display rounded shapes and sharp carbonate-
garnet interface. Contrary to the polycrystalline carbonate
melt inclusions described by Korsakov & Hermann (2006)
neither diamond nor other phases (e.g., silicates) were
identified within the aragonite-bearing polycrystalline car-
bonate inclusions studied here. The lack of dense radial
crack patterns around the aragonite-bearing inclusions is
another typical feature of this type of inclusions. The
number of the subgrains within each polycrystalline inclu-
sion varies significantly from inclusion to inclusion.
Monocrystalline carbonate inclusions from diamond-bear-
ing marbles and diamond-free garnet-clinopyroxene rock
are abundant in garnet and clinopyroxene. There is no
systematic spatial distribution of poly- and monocrystal-
line carbonate inclusions within the garnet-host.

Diamond and graphite exclusively occur in diamond-
bearing marbles, mainly as inclusions in K-bearing clino-
pyroxene and garnet porphyroblasts. Graphite was found
(i) as inclusion in garnet and clinopyroxene (often together
with diamond) and (ii) in the sample matrix itself. No
graphite was found in the diamond-free part of the sample,
despite thorough checking. This is consistent with the
previously reported observation that sulphide-rich zones
are diamond-free (Korsakov & Hermann, 2006; Schertl
et al., 2004).

3. Results

3.1. Raman spectroscopic analysis

Carbonates are distinguishable by their diagnostic Raman
spectra (Bischoff et al., 1985; Burke, 2001; Gillet et al.,
1993; Frost & Dickfos, 2007; Liu & Mernagh, 1990;
Perraki et al., 2006; Scheetz & White, 1977; Williams
et al., 1992 and references therein). However, the pressure
dependence of the vibration frequencies is well known
only in the case of particular carbonates (Gillet et al.,
1993). Because of the small sample volumes and the pos-
sibility to analyse unexposed inclusions, non-destructive
Raman mapping is a very promising tool for the identifica-
tion and study of the spatial distribution of carbonates (e.g.,
calcite, aragonite, dolomite, and magnesite) and H2O-solu-
ble minerals within inclusions.

Fig. 1. (a) Photograph of the sample GAK101 showing four different
layers. Layers 1, 2, and 3 consist of diamond-bearing Mg-bearing
calcite and dolomite marble layers. Layer 4 is composed of diamond-
free garnet-clinopyroxene rocks (detailed description of the different
layers is presented in Table 1). I and II are the numbers of thin
sections used in this study; the boxes indicate the position of the
CL images of (b) and (c); dashed lines indicate boundaries between
layers. (b–c) Representative CL images of matrix carbonates and
carbonate-inclusions from calcite and dolomite marble, respectively.
Arabic numbers and arrows mark the location of microprobe point
analyses. Analyses are presented in Table 3.
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The two polymorphs of CaCO3, calcite and aragonite,
were distinguished in the samples studied by their diag-
nostic Raman spectra (Fig. 2 and Table 2). Calcite is
characterized by a strong band at 1086 cm�1, along with
other weaker bands at 156, 283, and 713 cm�1 (Edwards
et al., 2005). The main band of aragonite is also located at
1086 cm�1 with subsidiary bands at 154, 181, 191, 208,
249, 261, 273, 283, and 704 cm�1 (Edwards et al., 2005).
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 1022 cm�1 (Fig. 2). A slight downshift of roughly 1
cm�1 in the 283 cm �1 calcite band was observed. A weak
band at 282 cm�1 in the aragonite spectrum appears. 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 (Edwards et al., 2005). Several additional very
intense and rather narrow bands appear around 1325, 1347,
and 1452 cm�1 in the aragonite spectrum (Fig. 2a). When
excited with a different laser source (Arþ, 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. 2b).

Raman mapping of a polycrystalline carbonate inclusion
revealed mainly calcite and an area with bands typically
assigned to aragonite (Fig. 3). The band position of arago-
nite and calcite corresponds to literature spectra obtained at
ambient conditions (Fig. 2 and Table 2). 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 stan-
dards, 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 reanalysed to detect
residual pressures. The band positions of calcite and ara-
gonite are equal to the positions of the intact inclusion.
This observation implies that no measurable shifts of the
main Raman band of calcite and aragonite in the polycrys-
talline inclusion were overlooked.

3.2. Optical microscopy, cathodoluminescence and
SEM-EDS studies

Over 100 polycrystalline carbonate inclusions were ana-
lysed by CL and SEM. Polycrystalline carbonate inclusions
(calcite or calcite and dolomite), exhibit a wide variety of
textures observable either with the reflected-light micro-
scope or in cathodoluminescence images (Fig. 1, 4 and 5).

Table 1. Mineral assemblages and specific features of different layers of sample GAK101.

Layers Mineral assemblage Specific features

1 (light-coloured) Mg-Cal, Grt, K-Cpx, Phl,
Cpx-II, Spl, Dia, Gr

Mg-Cal (orange to yellow CL) as matrix and as inclusions in Grt and K-Cpx, K-Cpx
with abundant exsolution lamellae of Phl, Kfs

2 (grey-coloured) Mg-cal, Dol, Grt, Cpx, Ti-
Chu, Py, Po, Fo-pseud

Dol-matrix (dark red CL), Mg-cal-matrix (orange CL) with Dol-exsolution lamellae
(dark red CL), K-Cpx with few exsolution lamellae of Phl, Kfs

3 (grey-coloured) Mg-cal, Grt, K-Cpx, Py, Po Mg-cal-matrix (orange CL) rarely with Dol-exsolution lamellae (dark red CL), Mg-cal
inclusions in Grt and K-Cpx (orange to yellow, rare dark red CL), rare Ar inclusions
in Grt (no CL or very weak greenish CL, can be easily overlooked), K-Cpx with few
exsolution lamellae of Phl, Kfs

4 (green-coloured) Grt, Cpx, Mg-Cal, Py, Ilm Mg-cal (orange CL), Cpx with very weak or no CL

Mineral abbreviations according to Kretz (1983).

Fig. 2. Representative Raman spectra of (a) aragonite (blue spec-
trum) and (b) calcite (red spectrum), and garnet (black spectrum).
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Figure 4 shows that carbonate textures are variable and that
blocky textures dominate. Monocrystalline magnesian-cal-
cite inclusions occur intimately close to polycrystalline car-
bonate inclusions within a garnet porphyroblast. Many
polycrystalline inclusions commonly show intricate compo-
sitional zoning as indicated by CL study (Fig. 1b). Brighter
zones within polycrystalline inclusions contain higher Sr
content up to 0.5 wt%, whereas darker zones are richer in
Fe, Mn and Mg. In calcites, Mn is generally considered to be
the main CL activator (Marshall, 1988) although electron
microprobe analyses indicate that many other elements are
also present and a simple relationship between CL intensity
and Mn concentration is therefore lacking. All investigated
aragonite-bearing inclusions are characterised by an extre-
mely weak CL pattern. A very weak greenish colour of CL
was documented in only one case (Fig. 5c). Interestingly, the
calcite coexisting with aragonite within the same inclusion
shows also very weak luminescence. Some polycrystalline
carbonate inclusions contain fine-grained dirty aggregates
with high interference colours (Fig. 5a, b). Calcite coexist-
ing with aragonite, at least on an optical basis, behaves as a
monocrystal, although the orientation of aragonite is often
different from the orientation of calcite. Furthermore, no
crack patterns associated with these inclusions were found.
Cracks only appeared during the final polishing of the
sample to expose the inclusion at the thin-section surface.
SEM study of the polycrystalline carbonate inclusions
revealed that they are rather heterogeneous (Fig. 3), con-
firming the results of CL imaging. In back-scattered electron
(BSE) images, calcite exhibits different shades of grey with
brighter parts rich in Mg, Mn and Fe and darker areas rich in
Sr (Table 3).

Three different carbonates can be distinguished on the
basis of their CL images: calcite, dolomite, and aragonite.
Calcite can be further distinguished into different genera-
tions: orange Mg-bearing calcite, bright-yellow secondary
pure calcite (Fig. 1c), dark-yellow calcite enriched in Sr
(Fig. 1b) and dark-orange to red calcite enriched in Fe, Mn,
and Mg (Fig. 5). Dolomite appears dark red. Dolomite and
Mg-bearing calcite form distinct layers (Fig. 1) and are the
dominant carbonate minerals. Aragonite does not produce
CL or only very weak greenish CL. The garnet and pyrox-
ene crystals contain rare carbonate inclusions exhibiting
yellow to orange luminescence. Microprobe analyses

Fig. 3. BSE image and Raman maps of the polycrystalline carbonate
inclusion presented in Fig. 4g–i.

Table 2. Wavenumbers (cm�1) of aragonite and calcite Raman bands in spectra of a representative unexposed polycrystalline inclusion.

Calcite Aragonite

n* (cm�1) (dn/dP)T (cm�1/GPa) n (cm�1) P (GPa) n* (cm�1) (dn/dP)T (cm�1/GPa) n (cm�1) P (GPa)
152 2.7 � 0.2 154 0.7

156 2.47 � 0.3 156 10�4

180 3.4 � 0.6 180 10�4

206 3.3 � 0.5 207 0.3
283 5.27 � 0.4 282 �0.19

704 1.5 � 0.1 704 10�4

713 2.22 � 0.2 713 10�4

1086 5.87 � 0.4 1086 10�4 1086 2.3 � 0.2 1086 10�4

Pressure shifts of the Raman modes of aragonite and calcite after Gillet et al. (1993). n* ¼ theoretical, n ¼ measured in this study.
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proved that the yellow inclusions are nearly Mg-free
CaCO3 (Ca0.98Mg0.02CO3), whereas (i) the Mg-bearing
calcite (orange luminescent) is Ca0.95Mg0.04Fe0.01CO3

and (ii) dolomite (dark red luminescent) is
Ca0.50Mg0.49Fe0.01CO3. Sometimes dolomite exsolution
patterns were identified within Mg-bearing calcite (Fig.
1c). Similar features were observed by Ogasawara et al.
(2000) and Schertl et al. (2004).

4. Discussion

4.1. Origin of aragonite in UHPM rocks

Aragonite in the polycrystalline carbonate inclusions
occurs as fine-grained ‘‘dirty’’ aggregates, whereas calcite
tends to form clean coarser-grained aggregates (Fig. 4 and
5). In the aragonite-bearing inclusion of Fig. 4, the clean
shell, consisting of calcite, optically appears as a

monocrystal. In the case of an UHPM origin of aragonite
and later calcite formation by partial replacement of ara-
gonite during retrograde metamorphism, the opposite
would have been expected, i.e. monocrystalline aragonite
surrounded by polycrystalline fine-grained calcite. It has
been reported that newly formed minerals, replacing other
minerals or forming pseudomorphs after them, are gener-
ally more fine-grained compared to the reactant minerals.
In the coesite-to-quartz transformation in metamorphic
rocks (Chopin, 1984; Smith, 1984) rather large relics of
coesite are preserved within fine-grained quartz aggre-
gates. In general, relics of coesite partly transformed to
quartz are characterized by radial growth of polycrystalline
quartz around a coesite core and radial fractures in the
surrounding host mineral. These cracks result from the
different elastic properties of the inclusion and the host
mineral and the significant volume change related to the
coesite-to-quartz transformation (Chopin, 1984; Gillet
et al., 1984; Smith, 1984; Van der Molen & van
Roermund, 1986).

Fig. 4. Plane-polarized (a, d, g), cross-polarized (b, e, h), and reflected light (c, f, i) photomicrographs of a polycrystalline carbonate
inclusions in garnet with representative textures of polycrystalline carbonate inclusions with blocky – granular (a, b, c) and fibrous-like (d, e,
f) textures. Arrows in reflected-light photographs indicate cavities and holes. Numbered blue and red points correspond to the microprobe
analyses given in Table 3.
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The lack of magnesite in the polycrystalline carbonate
inclusions studied here and the coexistence of fine-grained
aragonite aggregates with coarse-grained calcite aggre-
gates indicate that aragonite could not be formed by the
breakdown of dolomite to magnesite and aragonite.

Alternatively, aragonite may be formed by recrystalliza-
tion of a highly strained calcite grain. Such mechanism was
proposed for aragonitic marbles (Vance, 1968) and docu-
mented in experiments (Newton et al., 1969). The

transformation of calcite to aragonite would also reduce
the residual pressure.

Raman spectra of both calcite and aragonite correspond
well with Raman spectra obtained at ambient conditions.
This indicates that there is no overpressure inside the
inclusions: their residual pressure can be estimated as
high as one atmosphere. Pressure and temperature depen-
dence of the main calcite and aragonite bands is rather well
established (Gillet et al., 1993) and can be used for the

Fig. 5. Photomicrographs of (a–b) aragonite-bearing sample GAK101 and (c–d) polycrystalline carbonate melt inclusions in garnet sample
G0. (a) and (c) are plane-polarized light, (b) cross-polarized, and (d) CL photographs. The CL colour and intensity of calcite varies from
orange to dark red (enriched in Fe, Mn, Mg), and the yellow zones are enriched in Sr.

Table 3. Representative electron-microprobe analyses (wt%) of the polycrystalline aragonite and calcite inclusions presented in Fig. 1 and 4
(sample GAK101).

Inclusion-I Inclusion-II Inclusion-III

c1 c2 r1 r2 2c 2r1 2r2
No. Ar Ar Cal Cal Cal Ar Ar 1 2 3 4 5 6 7

SiO2 0.02 0.00 0.00 0.03 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.00
TiO2 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.01
Al2O3 0.01 0.01 0.01 0.03 0.00 0.01 0.02 0.00 0.00 0.01 0.02 0.00 0.01 0.02
FeO 0.12 0.16 0.25 0.17 0.22 0.06 0.09 0.11 0.11 0.06 0.27 0.34 0.30 0.08
MgO 0.00 0.00 0.00 0.00 0.48 0.00 0.00 0.07 0.00 0.04 0.07 0.08 0.08 0.00
MnO 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.02 0.02 0.69 1.23 0.99 0.00
CaO 56.3 56.0 56.5 57.6 55.8 57.5 57.1 56.0 56.8 56.3 56.2 56.2 57.5 56.4
Na2O 0.01 0.00 0.01 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.00
K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00
SrO 0.11 0.14 0.10 0.01 0.00 0.08 0.07 0.09 0.30 0.11 0.17 0.14 0.17 0.57
BaO 0.00 0.00 0.02 0.00 0.07 0.00 0.03 0.00 0.00 0.07 0.00 0.00 0.05 0.00
Total 56.60 56.28 56.88 57.83 56.60 57.67 57.32 56.26 60.95 61.11 61.23 59.80 59.09 59.64
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estimation of the residual pressure in the carbonate inclu-
sions in the garnet porphyroblast. Residual pressures in
other inclusions (e.g., coesite) within host minerals for
the similar UHPM lithologies have been estimated as
high as 2.2 GPa (Korsakov et al., 2007; Parkinson &
Katayama, 1999; Ye et al., 2001).

The lack of significant shifts in the main bands of both
aragonite and calcite indicates very low residual pressure
in the aragonite-calcite inclusions. Numerical modelling
using elastic constants for aragonite and calcite inclusions
and the host garnet allows us to estimate the P-T conditions
at which aragonite was captured (Fig. 6). Assuming that
peak metamorphic conditions were P ¼ 6 GPa and
T ¼ 1000 �C (Korsakov & Hermann, 2006; Shatsky
et al., 1995) and that aragonite in inclusions never trans-
formed to calcite, the residual pressure in the inclusions is
estimated as high as 1.7 GPa. In the case of aragonite-to-
calcite transformation the residual pressure would have
been increased to 4.5 GPa (a ¼ 0.5). Taking into account
the higher peak metamorphic conditions reported by Ota
et al. (2000) and Massonne (2003), the residual pressure
would have been expected even higher (Fig. 6).

Using different hypothetical values for residual pres-
sures (e.g., Pin ¼ 0.001, 0.01, and 0.1 GPa) we calculated
P0 as function of T0 (Fig. 6). The results of this modelling
reveal that the aragonite inclusions could have been cap-
tured only at pressures significantly lower than those of the
peak metamorphic conditions, close to the aragonite-cal-
cite equilibrium line. Lack of information on the residual
pressure of aragonite inclusions in diamond
(Dobrzhinetskaya et al., 2006), does not allow us to
check whether aragonite was captured in the dolomite
stability field (at P 6 GPa) or not.

This is inconsistent with a model for the origin of poly-
crystalline calcite inclusions by partial or complete trans-
formation, since in that case significant overpressure
should be expected. This was observed in the case of
coesite inclusions in different minerals (Korsakov et al.,
2007; Parkinson & Katayama, 1999; Ye et al., 2001).

Aragonite-bearing inclusions are characterized by very
weak CL patterns (Fig. 5c). Hence, they can be easily
overlooked, unless these inclusions are checked with
Raman spectroscopy. Contrary to aragonite-bearing inclu-
sions, former melt inclusions described by Korsakov &
Hermann (2006) have very strong luminescence (Fig. 5e),
which can be used as a diagnostic feature. The absence of
any other carbonate (e.g., alkaline carbonates or magne-
site) besides calcite and aragonite in the unexposed poly-
crystalline inclusions indicates that cavities and holes on
the polished surface of these inclusions are related with
crushing of fine-grained aggregates. CL and SEM studies
of the polycrystalline inclusions show that they predomi-
nantly consist of coarse-grained aggregates of calcite. The
distribution of impurities (e.g., Mg, Sr, Mn, and Fe) within
the inclusions is highly heterogeneous.

The formation of aragonite by the breakdown of dolo-
mite is unlikely, because so far polycrystalline carbonate
inclusions have been identified in calcite marbles
(Korsakov & Hermann, 2006). Low values of residual

pressure in aragonite-bearing inclusions are inconsistent
with their UHPM origin. This fact can be explained by
different models. First of all, aragonite could have been
formed during prograde metamorphic events at relatively
low P-T parameters. Ogasawara et al. (2000) proposed that
the subduction path of the Kokchetav Massif should cross
the aragonite stability field. Thus, aragonite rather than
calcite or magnesian calcite should be the stable CaCO3

polymorph up to peak metamorphic conditions; protected
by the host garnet these inclusions would not react during
all subsequent transformations (cf. Chopin et al., 2008).
The rarity of aragonite in UHPM samples can be asso-
ciated with very fast transformation (even faster than coe-
site-to-quartz) to calcite during the retrograde stage.
However, the possibility that aragonite has been simply
overlooked is high. The same very low residual pressure

Fig. 6. Peak metamorphic conditions for diamondiferous calc-sili-
cate rocks and marbles from the Kokchetav Massif: I-Okamoto et al.
(2000); Ogasawara et al. (2000), II-Zhu & Ogasawara (2002), III-
Ogasawara et al. (2002), IV-Massonne (2003), V-Dobrzhinetskaya
et al. (2006). Experimental phase relations for dolomitic carbonates
after Goldsmith & Newton (1969), Irving & Wyllie (1975), Luth
(2001), Buob et al. (2006), and Hermann (2003a). Experimental
study (L) of Luth (2001) on the reaction dolomite (dol) ¼ aragonite
(ara) þ magnesite (mag). Graphite-diamond and coesite-quartz
transitions are from Kennedy & Kennedy (1976) and Mirwald &
Massonne (1980). The retrograde evolution shown as (A)–(C) is
taken from Hermann et al. (2001). Aragonite inclusion without
phase transformation to calcite: 1–3, dependence of P0 as function
of T0 for Pin ¼ 0.1, 0.01 and 0.001 respectively; Calcite inclusion
without transformation to aragonite: 4–6, residual pressure (Pin) as
function of T0 for P0 ¼ 6, 4 and 3 GPa, respectively.
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would occur if original inclusions were captured as a
carbonate melt. Crystallization of aragonite was recently
confirmed in HP and HT experiments (Sokol et al., 2001).
Aragonite was found to be in equilibrium with diamond
and carbonate melts. Fine-grained aggregates of aragonite
were also identified in the quenching run products.
Therefore, the origin of aragonite by crystallization of
UHPM carbonate melts could be an important mechanism
in some natural deeply subducted samples. However, the
time and the exact P-T conditions of the aragonite forma-
tion remain poorly defined.

5. Concluding remarks

The Raman spectroscopy study of polycrystalline carbonate
inclusions in diamond-grade metamorphic rocks from the
Kokchetav Massif, Northern Kazakhstan, revealed the pre-
sence of aragonite along with calcite. The aragonite-bearing
polycrystalline inclusions exhibit different features com-
pared to other polycrystalline inclusions, interpreted as crys-
tallization products of UHPM carbonate melts. Aragonite
appears within the inclusions as ‘‘dirty’’ chaotically oriented
materials surrounded by a ‘‘clean’’ and monocrystalline
calcite shell. Melt inclusions generally have different shapes
of grain boundaries between sub-individuals within the
inclusions; boundaries are generally smooth and convexo-
concave. Grain boundaries between the host-garnet and the
aragonite-bearing inclusions also differ from those between
the host garnet and the melt inclusions; the former has a
smooth garnet–carbonate interface, whereas the latter are
often characterized by wavy or amoeboid shape. The melt
inclusions are surrounded by rather dense radial crack pat-
terns, whereas no such patterns appear around aragonite-
bearing inclusions; tiny cracks that are rarely observed
appeared during polishing.

The lack of radial cracks around the polycrystalline
carbonate inclusions and the absence of a measurable
shift in the main Raman bands clearly indicate that the
residual pressure within aragonite-bearing inclusions is
minor. These features are inconsistent with an origin of
aragonite at peak metamorphic conditions (�6 GPa) by
dolomite decomposition. Therefore, the presence of arago-
nite in diamond-bearing or diamond-grade UHPM rocks
cannot be an unequivocal evidence for extremely deep
subduction.
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Mineral. Ges., 148, 401–412.

Lappin, M.A. & Smith, D.C. (1981): Carbonate, silicate and fluid

relationships in eclogites, Selje District and environs, SW

Norway. Trans. Roy. Soc. Edinburgh, 72, 171–193.

Lieber, C.A. & Mahadevan-Jansen, A. (2003): Automated method

for subtraction of fluorescence from biological Raman spectra.

Appl. Spectrosc., 57, 1363–1367.

Liu, L.-G. & Mernagh, T.P. (1990): Phase transitions and Raman

spectra of calcite at high pressures and room temperature. Am.

Mineral., 75, 801–806.

Luth, R.W. (2001): Experimental determination of the reaction arago-

nite þ magnesite ¼ dolomite at 5 to 9 GPa. Contrib. Mineral.

Petrol., 141, 222–232.

Marshall, D.J. (1988): Cathodoluminescence of geological materi-

als. Unwin Hyman, Boston.

Massonne, H.-J. (2003): A comparison of the evolution of diamond-

iferous quartz- rich rocks from the Saxonian Erzgebirge and the

Kokchetav massif: are so-called diamondiferous gneisses mag-

matic rocks? Earth Planet. Sci. Lett., 216, 347–364.

Mirwald, P.M. & Massonne, H.J. (1980): The low-high quartz-coe-

site transition to 40 kbar between 600�C and 1600�C and some

reconnaissance on the effect of NaAlO2 component on the low

quartz-coesite transition. J. Geophys. Res., 85, 6983–6990.

Newton, R.C., Goldsmith, J.R., Smith, J.V. (1969): Aragonite crys-

tallization from strained calcite at reduced pressures and its

bearing on aragonite in low-grade metamorphism. Contrib.

Mineral. Petrol., 22, 335–348.

O’Brien, P.J. & Ziemann, M.A. (2008): Preservation of coesite in

exhumed eclogite: insights from Raman mapping. Eur. J.

Mineral., 20, 827–834.

Ogasawara, Y., Fukasawa, K., Maruyama, S. (2002): Coesite exsolu-

tion from supersilicic titanite in UHP marble from the Kokchetav

massif, northern Kazakhstan. Am. Mineral., 87, 454–461.

Ogasawara, Y., Ohta, M., Fukasawa, K., Katayama, I., Maruyama, S.

(2000): Diamond-bearing and diamond-free metacarbonate

rocks from Kumdy-Kol in the Kokchetav massif, northern

Kazakhstan. Island Arc, 9, 400–416.

Okamoto, K., Liou, J.G., Ogasawara, Y. (2000): Petrology of the

diamond-grade eclogite in the Kokchetav Massif, northern

Kazakhstan. Island Arc, 9, 379–399.

Ota, T., Terabayasgi, M., Parkinson, C.D., Masago, H. (2000):

Thermobaric structure of the Kokchetav ultrahigh-pressure–-

high-pressure massif deduced from a north south transect in

the Kulet and Saldat-Kol regions, northern Kazakhstan. Island

Arc, 9, 328–357.

Parkinson, C.D. & Katayama, I. (1999): Present-day ultrahigh-pres-

sure conditions of coesite inclusions in zircon and garnet: evi-

dence from laser Raman microspectroscopy. Geology, 27,

979–982.

Pechnikov, V.A. & Kaminsky, F.V. (2008): Diamond potential of

metamorphic rocks in the Kokchetav massif, northern

Kazakhstan. Eur. J. Mineral., 20, 395–413.

Perraki, M., Proyer, A., Mposkos, E., Kaindl, R., Hoinkes, G. (2006):

Raman micro-spectroscopy on diamond, graphite and other car-

bon polymorphs from the ultrahigh-pressure metamorphic Kimi

complex of the Rhodope Metamorphic Province, NE Greece.

Earth Planet. Sci. Lett., 241, 672–685.

Perraki, M., Smith, D.C., Mposkos, E. (2007): The luminescent

carbon-bearing microinclusion enigma in the Kimi Unit,

Rhodope, Greece: Raman microscopic point analyses and map-

ping with different lasers. Spectrochim. Acta A, 68, 1077–1084.

Perraki, M., Korsakov, A.V., Smith, D.C., Mposkos, E. (2009): Raman

spectroscopic and microscopic criteria for the distinction of micro-

diamonds in ultrahigh-pressure metamorphic rocks from diamond

in sample preparation materials. Am. Mineral., 94, 546–556.

Sato, K. & Katsura, T. (2001): Experimental investigation on dolo-

mite dissociation into aragonite þ magnesite up to 8.5 GPa.

Earth Planet. Sci. Lett., 184, 529–534.

Scheetz, B.E. & White, W.B. (1977): Vibrational spectra of the

alkaline earth double carbonates. Am. Mineral., 62, 36–50.

Schertl, H.-P., Sobolev, N.V., Neuser, R.D., Shatsky, V.S. (2004):

HP-metamorphic rocks from Dora Maira/Western Alps and

Kokchetav/Kazakhstan: new insights using cathodolumines-

cence petrography. Eur. J. Mineral., 16, 49–57.

1310 A.V. Korsakov, K. De Gussem, V.P. Zhukov, M. Perraki, P. Vandenabeele, A.V. Golovin



Shatsky, V.S., Sobolev, N.V., Vavilov, M.A. (1995): Diamond-bearing

metamorphic rocks of the Kokchetav massif (Northern

Kazakhstan). Cambridge University Press, Cambridge, 427–455 pp.

Shatsky, V.S., Ragozin, A.L., Sobolev, N.V. (2006): Some aspects of

metamorphic evolution of the ultrahigh-pressure calc-silicate rocks

of the Kokchetav Massif. Russ. Geol. Geophys., 47, 105–118.
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