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Abstract

Raman micro-spectroscopy was applied on carbon inclusions in garnet porphyroblasts from kyanite–biotite–garnet schists of

the Rhodope Metamorphic Province (RMP), NE Greece. Diamond and cuboids of poorly to highly ordered graphite were identified

either as single phase inclusions or as polyphase inclusions along with CO2 and/or carbonates (calcite/magnesian calcite).

Questionable Raman bands that may be assigned to other C-phases (?nanodiamond/?lonsdaleite/?a different C-polymorph) have

been observed. The presence of diamond confirms beyond any doubt the ultrahigh-pressure (UHP) metamorphism reported by

Mposkos and Kostopoulos [1] [E. Mposkos, D. Kostopoulos, Diamond, former coesite and supersilisic garnet in metasedimentary

rocks from the Greek Rhodope: a new ultrahigh-pressure metamorphic province established, Earth Planet. Sci. Lett. 192 (2001)

497–506] in the RMP. Cuboid graphite showing variable degree of disordering most probably formed after diamond. The possible

involvement of CO2 and or C–O–H fluids in the formation of diamond is discussed.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Raman micro-spectroscopy is a proven and very

important non-destructive characterization tool for dis-

tinguishing micro-sized particles of C-polymorphs, as it
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is very sensitive to the nature of carbon bonding. A

typical application is the in situ identification of inclu-

sions of C-polymorphs (diamond–graphite) in thin sec-

tions of metamorphic rocks, providing unambiguous

evidence of UHP metamorphism (e.g., [2–5]). The

UHP metamorphism of the RMP first reported by

Mposkos and Kostopoulos [1], followed by Mposkos

et al. [6], Mposkos [7] and Liati et al. [8], has proven

controversial. Beyssac and Chopin [9] argued that the

Raman spectrum of a C-polymorph ascribed to dia-
etters 241 (2006) 672–685
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mond nanodomains by Mposkos and Kostopoulos [1]

was rather that of disordered graphite. Besides, oriented

rods of quartz and apatite and needles of rutile in sodic

garnet from kyanite–biotite gneiss [1] and clinopyrox-

ene blebs in garnet with oriented rutile from a metaba-

site [8] proposed as UHP mineral indicators were

highly disputed as not being indicative of UHP [9,10].

Challenged by this controversial discussion on the

possible presence of diamond in the RMP we carried

out a thorough micro-Raman study of carbon micro-

inclusions in garnets from metapelites from the RMP. In

the present paper, we document the UHP metamor-

phism by the unequivocal presence of diamond and

discuss the aspects involved in interpreting the spectra

as well as the possible nature of diamond formation.

2. Geological setting

The Rhodope Metamorphic Province (RMP) in

Northern Greece has been traditionally viewed as a

stable continental block, consolidated in Precambrian

to Palaeozoic times (e.g., [11,12]). However, thorough

structural, petrological and radiometric studies over the

last 20 yr have shown the RMP in fact to be a complex
Fig. 1. Simplified geotectonic map of East Rhodope after Krohe and
of Alpine synmetamorphic nappes characterized by

south to southwestward stacking and associated with

both coeval and subsequent extension in an Alpine

active margin setting [13–26].

Mposkos and Krohe [25] and Krohe and Mposkos

[26] have further subdivided the RMP into discrete

entities on the basis of calculated metamorphic P–T

paths and exhumation age criteria for the various meta-

morphic rocks (Fig. 1). Thus, the earliest exhumed and

structurally uppermost entity is the Kimi Complex (65–

48 Ma), followed by the Sidironeron (Central Rhodope)

and Kechros (East Rhodope) Complexes (42–30 Ma)

and then by the Pangaeon Complex (26–8 Ma) which

also forms the well-defined Rhodope metamorphic core

complex.

The Kimi Complex consists of continental crustal

and mantle rocks. Predominant are migmatitic quartz–

feldspar gneisses, kyanite-bearing pelitic schists and

paragneisses, marbles, amphibolites and basic granu-

lites that locally preserve eclogitic textures and compo-

sitions, dioritic to granitic metaplutons as well as an

ultramafic association mostly made up of metaperido-

tites and subordinate garnet pyroxenites [27]. Wide-

spread pegmatites intersect the lithological succession.
Mposkos [26]. Xanthi and Kimi areas are marked on the map.
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Tiny cuboids of diamond and graphite were discov-

ered as Am-sized inclusions in garnet from metapelitic

schists of the Kimi Complex near Kimi village and

north of Xanthi town (Fig. 1).

3. Petrography–mineral chemistry

The pelitic schists and gneisses of the Kimi Complex

are very uniform in their mineralogy. The paragenesis

consists of coarse-grained garnet+kyanite+muscov-

ite+biotite+quartz+plagioclase+rutile; staurolite and

chlorite are replacing kyanite, biotite and garnet at a

late stage and ilmenite is replacing rutile. Garnet por-

phyroblasts show resorbed rims and are commonly

replaced by biotite, kyanite and plagioclase. Kyanite

shows two distinct fractions of grain size; large kyanite

porphyroblasts (ky1) up to 1 cm in length associated with

garnet porphyroblasts and small kyanite grains (ky2)

associated with biotite and replacing garnet. The forma-

tion of ky2 reflects a late stage of major recrystallization

in the upper amphibolite facies with garnet+phengite

reacting to kyanite+biotite+quartz. Muscovite coexists

with biotite of equal grain size and is more rarely

replaced by small biotite flakes along grain boundaries.

The primary paragenesis, which is shown in the follow-

ing to have formed within the diamond stability field,

was presumably garnet+phengite+clinopyroxene+

coesite+ rutile. The mineral chemistry, petrology and

PT-evolution of these rocks will be described elsewhere.

At this point we only briefly describe garnet, the host of

the carbon inclusions.

Garnets are generally homogeneous in composition.

Only a retrograde zoning is developed in the outermost

rim with decreasing Mg and increasing Fe, Mn and Ca

depending on the neighbouring mineral [18]. Even

though the extraordinary composition of garnet at

UHP-conditions, with significant amounts of Ti, P and

Na [1], is very rarely preserved and garnet is often

strongly resorbed by biotite, kyanite and plagioclase,

extremely fine grained rutile needles can be found in

garnets of almost any of the Kimi metapelite samples.

These rutile needles are strictly aligned in up to three

observable crystallographic directions of the garnet host

and evenly or patchily distributed throughout the garnet,

with strong variations in abundance. Microprobe and

Raman analyses revealed the presence of other rarer

oriented phases, mainly quartz and apatite (usually less

than 10 rods per garnet grain for quartz and even less for

apatite) that occur along with the rutile needles.

Fluid and solid micro-inclusions in garnet are very

common [28,29]. The dominant fluid phase is CO2, but

minor amounts of N2 and low-salinity H2O-inclusions
were also found. Solid micro-inclusions of C-poly-

morphs (diamond, graphitized diamond, ordered/disor-

dered graphite), carbonates (calcite, magnesian calcite),

quartz and kyanite are abundant in most of the garnets.

The distribution of the fluid and solid micro- inclusions

(especially CO2, C-polymorphs and carbonates) in gar-

nets is irregular and differs from garnet to garnet. In

some cases, they are concentrated in the core of the

garnet, in some others near the garnet rim while swarm-

like trails of such inclusions are also observed. There is

no apparent relationship to the oriented rutile needles

and quartz and apatite rods.

4. Analytical methods

Raman spectra were obtained with a Jobin-Yvon TM

LabRam-HR 800 Raman micro-spectrometer at the

Institute of Earth Sciences of the University of Graz,

Austria. Spectra were excited at room temperature with

the 633 nm line of a 5.9 mW He–Ne laser through an

OLYMPUSTM 100X objective. Numerical aperture of

the objective is 0.9. Focal length of spectrometer is 800

mm. The laser spot on the surface had a diameter of

approximately 1 Am and a power of 1 mW, which

should be low enough to avoid any spectral change or

sample destruction due to light absorption and local

temperature increase [30]. The entrance slit into the

spectrometer was set to 20 Am. Light was dispersed

by a holographic grating with 1800 grooves/mm. The

spectral resolution of about 0.6 cm�1 was determined

by measuring the Rayleigh line of the He–Ne laser. The

dispersed light was collected by a 2048�512 back

illuminated low noise UV CCD detector. A confocal

pinhole was not used; confocality was achieved by

setting the entrance slit into the spectrometer to 20

Am and selecting via software few relevant rows on

the CCD, a so-called bvirtualQ pinhole. The depth res-

olution of this bpseudo-confocalQ configuration is usu-

ally better than 2 Am (application note no. 01, Jobin-

Yvon, 2000). All spectra were recorded at parallel

orientation of the incident laser beam and the scattered

light. The bscanningQ mode was selected in order to

avoid step-like mismatches between neighboring spec-

tral windows probably occurring in samples with in-

tense and uneven background and to maximize the

signal-to-noise ratio [4,31]. All spectra were baseline

corrected by subtraction of line segments and fitted to

Gauss–Lorentz. Deviations between measured FWHM

and for the so-called apparatus function mathematical

corrected FWHM [32–34] were lower than 0.2 cm�1

and hence not corrected. Wavenumber calibration was

done by regular measuring the position of the Rayleigh



Fig. 2. (a) Typical Raman spectra of a single diamond inclusion

(3RC59 20) in garnet from the Kimi area and a composite dia-

mond+carbonate inclusion (3RC70a 27) in garnet from the Xanthi

area. (b) Photomicrograph of the inclusion 3RC59 20. (c) Photomi-

crograph of the inclusion 3RC70a 27.
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line. Wave number accuracy achieved by this method is

around 0.5 cm�1.

5. Raman micro-spectroscopy on C-phases included

in garnets from metapelites

5.1. General remarks

Diamonds are known to show Raman active triply

degenerate first-order F2g phonon at 1332F0.5

cm�1 with a typical full width at half maximum

(FWHM) of 1.65F0.02 cm�1 at room temperature

[35]. Distortions from the perfect cubic lattice, such

as variations in bond length and angle, influence both

the width and position of this line. Shift of this band

to higher/lower wave numbers indicates compressive/

tensile stress in the lattice and an increased width of

this band reflects an increase in structural disorder or

very small crystal sizes [36]. Diamonds also show a

second-order Raman spectral feature that extends

from 2200 to 2800 cm�1 with a sharp band at

2600 cm�1 [37].

The Raman spectrum of carbonaceous material is

highly sensitive to its crystallinity. It consists of 1st-

order (1100–1800 cm�1) and 2nd-order (2500–3100

cm�1) regions [38,39]. In the 1st-order region a single

Raman mode (G band) is expected in the 1300–1600

cm�1 region for well-ordered graphite with a band

position near 1580 cm�1 [38–40] and it corresponds

to in-plane vibration of aromatic carbons in the graphit-

ic structure. An additional band near 1350 cm�1 (D1)

and a shoulder at 1620 cm�1 (D2) are typically ob-

served in disordered carbonaceous material [41–44].

These defect bands have been attributed to in-plane

defects and heteroatoms [45]. The D1 band of carbo-

naceous material has been shown to have a strong

dispersive character (Raman band shift with excitation

wavelength, [46–49]). In the 2nd-order region several

bands have been mentioned to appear at 2400, 2700,

2900 and 3300 cm�1 ([39,44]) corresponding to over-

tone and combination scattering.

All the phases described below were identified as

micro-inclusions in diamond-bearing garnet porphyro-

blasts from Kimi and Xanthi areas.

5.2. Diamonds

Diamonds with a size ranging from 3 to 9 Am were

identified as inclusions in garnets from Kimi and

Xanthi area. They occur either as isolated grains or as

part of crystallographically controlled swarms. Most of

them are single-phase inclusions; composite inclusions
of diamond+carbonate (calcite/magnesian calcite) were

also identified. As none of these carbonates has yet

been found at the thin section surface, their actual

composition is yet undetermined. The textural relation

between diamond and carbonate cannot be documented

with any certainty, at the optical microscopy scale, due

to their very small size, unless high resolution SEM or

TEM analyses will be performed.

The Raman active triply degenerate first-order F2g

phonon of single diamonds appears as a sharp band

between 1331 and 1332 cm�1 with full width at half

maximum (FWHM) in the range of 2.2 to 4.6 cm�1. In

the biphased diamond+carbonate inclusions Raman

bands of diamonds occur at ~1332 cm� 1 with FWHM

from 2.2 to 3.7 cm�1. Taking into account the errors in

wavenumber accuracy and the spectral resolution there

is no general correlation between the Raman shift and the

FWHM. The dominant band of the carbonate, assigned

to symmetric stretching of planar CO3 group [50] occurs

at 1085 and 1087 cm�1.



ig. 3. (a) Raman spectra of graphitic carbon inclusions with

arying degree of disordering. (b) Photomicrograph of the inclusion

57 14. (c) Photomicrograph of the inclusion M57 25. (d) Pho-

micrograph of the inclusion M7 38. (e) Photomicrograph of the

clusion M7 39.

M. Perraki et al. / Earth and Planetary Science Letters 241 (2006) 672–685676
F

v

M

to

in
ig. 4. Raman spectrum of a composite inclusion of diamond+disor-

ered graphite in garnet.
Typical Raman spectra of a single microdiamond

inclusion from Kimi area (Samples 3RC59) and a

biphased diamond–carbonate inclusion from Xanthi

area (Sample 3RC70a) are given in Fig. 2.

As it has been claimed that diamond can be an

artifact of thin-section preparation (as residual particles

from the diamond saw or the polishing material), we

carefully checked the position of the diamond grains

with respect to the polishing surface. With the excep-

tion of two cases in which the diamonds penetrate to the

surface, all other diamonds are completely enclosed by

garnet. Moreover, in the case of Sample 3RC70 in

which 6 diamonds were identified, a second polished

thin section was prepared without using diamond-bear-

ing abrasives during thin section preparation. Diamond
micro-inclusions in garnet porphyroblasts were also

identified and verified by Raman micro-spectroscopy

in this second thin section.

5.3. Highly ordered graphites

Cuboid carbon inclusions with typical Raman spectra

of highly ordered graphite were also identified in dia-

mond-bearing garnet porphyroblasts. Graphite shows a

sharp first-order Raman band at 1581–1584 cm�1 with a

FWHM of 13.5–13.7 cm�1.

5.4. Disordered graphites

Cuboid inclusions of disordered graphitic carbon

characterized by random distribution occur throughout

the garnet grains. They occur either as single phases or

as composite inclusions with CO2 and/or carbonate.

First order Raman spectra were analyzed from 100

to 1800 cm�1; in some cases the spectral range from

100 to 3400 was analyzed in order to check also for the

second-order Raman bands. Representative Raman

spectra of analyzed disordered graphites are presented

in Fig. 3.

They have two bands in the first-order region, at

~1330 and ~1580 cm�1, with a shoulder at ~1618

cm�1, and a broad second-order band at ~2666 cm�1.

Interestingly, not all graphites show the same degree of

disordering (Fig. 3). The R1 [(D1 /G)H] and R2 [[D1 /

(D1+G +D2)]A] parameters characterizing graphite

crystallinity [51] are highly variable. The FWHM of

theG band varies from 12.8 to 32.3 cm�1 and its position

from 1578 to 1582 cm�1. No correlation between the
F

d



Fig. 5. (a) Raman spectra of representative composite inclusions of

CO2, calcite and (?) diamond nanoparticles. (b) Deconvolution of

spectrum 3RC59 21 in the spectral range of 1225–1450 cm�1. Heavy

line indicates original spectrum, light lines deconvoluted Raman

bands, stippled line band sum. See text for discussion. (c) Photomi-

crograph of the inclusions 3RC59 19 and 3RC59 21.
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degree of disordering and the areal distribution of graph-

ite grains was observed.

In spectrum 57 14 (Fig. 3) two additional bands at

1449 and 1529 cm�1 are present. These two bands also

appear weakly in spectrum M7 25.

5.5. Composite diamond–graphite inclusions

The Raman spectrum of a composite cuboid dia-

mond–graphite inclusion (Sample M7, Kimi area) is

given in Fig. 4. Both phases are easily recognized by

the narrow band at 1329 cm�1 and the band at 1576

cm�1, respectively. The FWHM of the diamond is 2.4

cm�1. A slight broadening observed at the base of the

diamond band could stem from the presence of a weak

D1 band in graphite, overlapped by the F2g mode of

diamond. This assumption is strengthened by the pres-

ence of a shoulder on the graphite G band at 1619 cm�1

which is interpreted as the D2 band that is always asso-

ciated with the main D1 band of disordered graphite.

Similar to the case of composite diamond+carbo-

nate (§5.2) and (?) nano-diamond+CO2+carbonate

(§5.6) inclusions, it was unfeasible to determine the

textural relation between diamond and graphite on an

optical basis.

5.6. Possible nanodiamonds or lonsdaleite

Numerous composite inclusions of CO2, carbonates

and possibly diamond nanoparticles were found within

the garnets. They are aligned and show parallel faces

suggesting a crystallographic control by the host garnet.

Typical Raman spectra of these composite inclusions

are given in Fig. 5. There is a peculiar wedge-shaped

band around 1330 cm�1 along with peaks of CO2,

carbonate and garnet. Remarkable features are: a) the

significant broadening of this band b) the absence of a

band at ~1580 cm�1 (G band of graphite) c) the

presence of CO2 and carbonate. Additionally, there

are monomineralic (based on their Raman spectra)

inclusions in garnets, also part of the crystallographi-

cally controlled swarms, characterized by broad Raman

bands at ~1330 cm�1.

Deconvolution of the broad Raman bands of both

composite and monomineralic inclusions reveals that

most of these bands are actually triplets that consist of

two sharp bands at ~1307 and 1333 cm�1 (FWHM 17

and 23 cm�1, respectively), and a very broad one at

~1348 cm�1 (FWHM 54 cm�1; Fig. 5b).

Possible interpretations for the wedge-shaped bands,

e.g., as representing diamond nanoparticles or lonsda-

leite (bhexagonal diamondQ) are discussed below.
5.7. Other C-bearing micro-inclusions in garnet

Garnets of kyanite–biotite–garnet metapelites con-

taining the above-described C-polymorphs are also rich

in single micro-inclusions of carbonates and CO2-rich

fluids. They appear as negative crystals, that is, their

shape and orientation are imposed by the garnet sym-

metry. In most of the cases they form intragranular

crystallographically controlled swarms, along with dia-

mond, graphite and multi-phased inclusions. Isolated

and clustered micro-inclusions of carbonates and CO2

fluids are also present.

5.7.1. Carbonates

Abundant, apparently single phase inclusions of

carbonates, 3–20 Am in size, with straight grain bound-

aries, have been found in garnets of different samples of

kyanite–biotite–garnet metapelites. Their Raman spec-
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tra are very similar to the carbonate bands from the

composite inclusions with ?nanodiamond/lonsdalei-

te+CO2: a dominant band at 1085–1090 and secondary

bands at 261–264, 289–297 and 707–710 cm�1, which

indicate compositions from calcite to magnesian calcite.

The Raman spectra of the carbonates at ambient

conditions are well-known. The optical vibrations are

internal vibrations of the CO3 group (three Raman

bands lying between 700 and 1500 cm�1) and external

or lattice vibrations involving translation and librations

of the CO3 groups relative to the Ca or Mg atoms (100–

500 cm�1). Calcite is characterized by a dominant

Raman band at 1084 cm�1 and minor bands at 155,

281, 711, 1434 cm�1 and magnesite shows a dominant

band at 1094 cm�1 and minor bands at 212, 329, 738,

1444 cm�1 [50,52,53]. Magnesian calcite inclusions in

garnet porphyroblasts from the Dabie–Sulu terrane,

China, have been reported to have Raman bands at

1087, 281 and 155 cm�1 (Fu, unpublished data, pers.

comm.).

5.7.2. CO2

The Raman spectrum of CO2 generally consists of

two bands, referred to as Fermi diad, at 1285 cm�1 (at 1

atm), and at 1388 cm�1, usually called v1 and 2v2,

respectively [54,55].

CO2 was found in single phase fluid inclusions, but

also in composite inclusions of calcite+CO2, C-poly-

morph+calcite+CO2, graphite+CO2. Both bands of

CO2 are characterized by a shift to lower wavenumbers;

the v1 band appears at ~1280–1282 cm�1 and the 2v2
band appears at ~1385–1386 cm�1. The shift of the v1
band is greater than the shift of the 2v2 band. These

shifts can be explained by the influence of pressure

(internal fluid pressure). Downshifts of 5 and 3 cm�1 of

the v1 and 2v2 band positions, respectively, with pres-

sure increase have been mentioned by Garrabos et al.

[54]. Extreme pressure conditions have been reported to

be present in superdense CO2 inclusions [53,55,56].

A detailed microthermometric and micro-Raman

study on the fluid inclusions in the diamond-bearing

metapelitic garnets will be presented elsewhere (Kaindl

et al., in preparation).

6. Discussion

6.1. The nature of disordered graphite

Disordering in graphite is principally caused by in-

plane defects and/or heteroatoms [45]. Four possible

mechanisms of obtaining disordered graphite have been

observed and reported in the literature. We discuss each
of these possibilities in the light of our own evidence.

Disordering can be the result of:

6.1.1. Polishing during thin section preparation

It has been shown that polishing can cause severe

disorder effects in the structure of graphite which will

reflect on the Raman spectrum [44 and references there

in]. Polishing induces changes in the upper several

hundred Ångstroms of the graphite lattice (bBeilby
layerQ, [57]). The partial disorder by polishing may

overprint the original degree of ordering in graphite.

In order to avoid any mechanical disruption of the

carbonaceous material, we focused the laser onto car-

bonaceous material beneath the surface of the transpar-

ent host mineral (garnet) as proposed by Pasteris [58],

since this is left unaffected by surface polishing.

6.1.2. The progressive transformation of organic mate-

rial originally present in sedimentary rocks to graphite

In this case, the graphite that forms during the first

stages of graphitization (diagenesis to low-grade meta-

morphism) is composed of short and misoriented

aromatic layers and thus it is highly disordered

[43,44,51,59,60]. The degree of disorder reduces sys-

tematically with increasing temperature and has been

used as a geothermometer.

Natural graphitization is mainly controlled by temper-

ature with some additional influence by pressure, duration

of the metamorphic event and shear. In the first stages of

graphitization, the carbonaceous substance is character-

ized by a high degree of disordering, caused by the

presence of heteroatoms in the lattice. Well-crystallized

graphite is crystallographically defined by an interplanard

value of exactly 3.35 Å. Solid carbon phases with

d(002)N3.35 Å result from the presence of heteroatoms

such as oxygen, hydrogen and nitrogen in the structure

and are referred to as bdisordered graphitesQ. During
diagenesis and low-grade metamorphism the heteroa-

toms are gradually released and the distance between

the planes decreases to the ideal value of 3.35 Å [61].

Apart from the chemical modification of the starting

material, the transformation of short and misoriented

aromatic layers in poorly organized carbonaceous mate-

rial up to perfectly stacked layers in the triperiodic

structure of graphite is also achieved by microtextural

and structural changes. Pasteris and Wopenka [43],

Wopenka and Pasteris [44], Yui et al. [59] and Beyssac

et al. [51,60] have provided quantitative parameters on

the degree of organization in metamorphic carbonaceous

material by means of Raman micro-spectroscopy mostly

based on the intensity ratio of the G and D modes.

However, as long as the orientation of the sp2 carbon
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layers with respect to the electric field vector of the laser

beam is unknown, the intensity ratio of the G and D

modes provides only rough estimate of the crystallinity

of the carbonaceous samples and therefore the width and

asymmetry of the G mode are additionally used as a

measure of the order/disorder carbon [62,63].

As mentioned above, Raman micro-spectroscopy on

disordered graphitic carbon micro-inclusions in garnets

from metapelites revealed that the degree of disordering

is highly variable. The Raman spectra obtained are

comparable to the spectra of disordered graphite of

the chlorite to staurolite zone of Wopenka and Pasteris

[44] and the greenschist facies of Yui et al. [59]. In

addition, using the temperature correlation formula of

Beyssac et al. [51] to the R2 parameter [R2= [D1 /

(D1+G +D2)]A], temperatures from 450 to 580 8C are

derived [T (8C)=�445R2+641). Such temperatures of

metamorphism are way below the peak metamorphic

temperatures for the Kimi Complex [7].

It must be noted here that once graphite has attained

a certain degree of ordering/crystallinity it does not

retrogress during subsequent metamorphism [61]. It is

not possible for graphite enclosed in an inclusion to

structurally retrogress; only prograde changes in crys-

tallinity are possible [64]. So the observed degree of

crystallinity is the highest that graphite has obtained

during the metamorphic evolution of the host rock.

Given that the analyzed disordered graphites found as

inclusions in garnet porphyroblasts from metapelites

have experienced the same metamorphic history as

the garnet host, such highly varying degree of disorder-

ing could not be easily explained as a temperature

effect. Moreover, if the disordered graphite had formed

entirely by the progressive and continuous graphitiza-

tion of original organic material, only flake- or bleb-

shape would be expected and not cuboids.

6.1.3. Diamond–graphite phase transformation

Experimental data on the diamond–graphite phase

transition under different conditions [65–67], limited

data on natural samples [68–70] and theoretical mod-

eling of the diamond–graphite phase transition [71,72]

suggest the existence of intermediate disordered phases

between diamond and graphite.

Gogotsi et al. [65,66] have experimentally studied the

pressure-induced phase transformation in diamond.

They carried out diamond–diamond indentation experi-

ments, at ambient temperature and pressures of several

hundred GPa, by pressing a sharp diamond indenter

against its surface. In the point of indentation diamond

is transformed to graphite with extremely high degree of

disordering. A continuous range of Raman spectra from
graphite to diamond (graphiteYdisordered graphiteY
diamond) has been reported in shock experiments by

Kenkmann et al. [67]. Furthermore, graphites coexisting

with diamonds in gneisses from the Ries Crater, Ger-

many, show high degree of disordering [68]. Besides,

Raman spectra of graphite pseudomorphs after diamond

from the Maksyutov Complex are characteristic of dis-

ordered graphites [69]. In addition, Willems et al. [70]

demonstrated that highly disordered polycrystalline

graphite forms after high-temperature annealing in

inert atmosphere of polycrystalline natural diamond.

The diamond–graphite phase transition has also been

modelled theoretically. Intermediate disordered phases

of graphite with Csp2 and Csp3 and diamond with Csp2

and Csp3 are proposed to form between normal graphite

(Csp2) and diamond (Csp3) [71]. Studies on graphitiza-

tion at diamond dislocation cores suggest the formation

of sp2 carbon pairs as a first step [72].

The cuboid morphology of the analyzed disordered

graphites is the most persuasive indication for graphi-

tized diamond and combined with the presence of

diamond and cubic diamond–graphite composite inclu-

sions in the same garnet porphyroblasts imply that the

D band in disordered graphite most probably arises

from the distortion of the diamond structure during

transformation to graphite. In this case the transforma-

tion of diamond to graphite is continuous with the

formation of disordered graphite as intermediate phase.

6.1.4. Graphite precipitation from a fluid inclusion

A detailed study revealed that natural fluid-deposited

graphite exhibits high degree of order [61]. However,

graphite precipitating from a fluid inclusion, especially

on the walls of fluid inclusion has been reported to

exhibit disorder [44,64]. A detailed Raman spectro-

scopic study on graphite crystals within fluid inclusions

in granulites of Nilgiri hills, India, showed that they

possess varying degree of crystallinity [73].

In our case, the possibility of graphite nucleation

from a CO2 fluid or C–O–H fluid is corroborated by the

presence of composite inclusions of graphite+CO2 or

graphite+CO2+carbonate.

Whereas graphite formed by in situ metamorphism

shows a distinct and systematic increase in crystallinity

with increasing grade of metamorphism, such a corre-

lation has not been referred to and also not expected for

fluid-deposited graphite or disordered graphite formed

during the diamond–graphite phase transformation.

The random distribution of graphite with variable

degree of disordering throughout garnet grains rules out

the theoretical possibility of prograde entrapment and

preservation of increasingly ordered graphite during
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garnet growth but is compatible with precipitation from

a fluid inclusion.

The distinction between the last two mechanisms of

disordered graphite formation, i.e., whether all disor-

dered and even ordered graphite had been diamond

once and was transformed later on (case C), or whether

diamond, disordered graphite and ordered graphite all

grew within former fluid inclusions by precipitating at

different stages along a decompression PT-path (case

D), is difficult. A primary precipitation of disordered

and ordered graphite from a fluid has been observed

both in experiments [61] and in nature [73] and can be

followed by solid state phase transformation, thus mim-

icking the case C. Primary fluid inclusions from high

and even ultrahigh pressures are virtually impossible to

preserve during exhumation of the rock, so decrepita-

tion and even annealing of the decrepitated fluid trails

during the late amphibolite to granulite facies stage

have to be assumed for our rocks. Considering this

P–T history, we believe that a combination of the last

two cases may have taken place i.e., selective decrep-

itation and annealing of primary fluid inclusions from

which carbon and carbonate phases subsequently pre-

cipitated combined with a solid-state transformation.

6.2. Nanodiamond and lonsdaleite

As mentioned above, composite and monomineralic

inclusions showing broad Raman bands at ~1330 cm�1

were recorded. After deconvolution, these bands were

shown to consist of two sharp bands at ~1307 and 1333

cm�1 and a broader one at ~1348 cm�1.

There is no straightforward assignment for this pecu-

liar broad wedge-shaped band of some inclusion spectra

at ~1333 cm�1 (Fig. 5). Although a band at this position

is characteristic of diamond it has also been shown to

represent the D1 defect band of graphite when excited

with an He–Ne laser with k =632.817 nm [9,48]. How-

ever, the first-order band of graphite at ~1580 cm�1,

which is still always present in highly disordered carbo-

naceous material where the defect bands become domi-

nant (e.g., [44,60]), is totally absent.

On the other hand, typical diamonds show a FWHMof

the first-order Raman band of 1.65F0.02 cm�1 [35], a

value much lower than the line width of the band at

~1333 cm�1 of the measured inclusions (23 cm�1). A

broadening of the first-order Raman band of diamond

has been observed in several cases and attributed to

nanoparticles [74–78]. Yoshikawa et al. [74] measured

the Raman spectrum of cluster diamond with nanometer

size (55 Å), which was made from graphite powder

under high temperature and high pressure and reported
a line width of 32 cm�1. Chen et al. [75] studied the

graphitization process of nanodiamond (~50 Å) occur-

ring during annealing at different temperatures, in argon

ambient, and reported a line width of ~30.7 cm�1 for the

Raman band of nanodiamond. Prawer et al. [76] ob-

served a broadening of 10 cm�1 studying nanometre

sized diamond powder by Raman spectroscopy. Moroz

et al. [77] attributed the broadening (~10 cm�1) of the

Raman bands of impact diamonds from the Popigay

(Taimyr/north-central Siberia) and Karsk (the Polar

Urals) craters to the existence of nanoparticles. Extreme-

ly broad single Raman bands (FWHM ~200–400cm�1)

at 1326–1370 cm�1 were assigned to metamorphic

microdiamond inclusions consisting of nanocrystalline

diamond aggregates in garnets from Maksyutov Massif

[78]. In most of the cases, the broadening of the Raman

band is accompanied by a shift to lower wave numbers, a

case not observed in our spectra. However, this is not a

rule and also depends on the orientation of the crystal

[36].

Another possible interpretation is that proposed by

Chiem et al. [79] who attributed Raman bands at ~1329

cm�1 with FWHM ~53 cm�1 to lonsdaleite. Similar

broad, and slightly downshifted Raman bands, identical

to that acquired on a lonsdaleite standard from the

Zapadnaya impactite, Ukraine (D.C.Smith, pers.

comm.) have been also described for inclusions in zir-

cons from the Straumen UHP eclogite in Norway and in

gneiss from the Kokchetav massif, Kazakhstan [80,81]

suspected to be lonsdaleite or disordered diamond.

A band at ~1315 cm�1 has been also ascribed tenta-

tively to the hexagonal diamond (lonsdaleite, [65,

82,83]). However, detailed descriptions of this phase

and definite Raman spectra are not yet available in the

literature.

Hexagonal diamond (lonsdaleite) can be formed

allegedly by deformation-induced twinning of the

cubic diamond structure [65]. It is also believed to

form when meteoritic graphite hits the earth. The

great heat and stress of the impact transforms the

graphite into diamond but retains graphite’s hexagonal

crystal lattice. It was first identified from the Canyon

Diablo meteorite at Barringer Crater in Arizona [84].

The interpretation of unusually broadened bands at

the diamond position as suggestive of nanodiamond

aggregates, lonsdaleite or some other bdisorderedQ dia-
mond structure may be confirmed by future TEM anal-

yses. In the hypothetical case that the above-mentioned

broad bands represent diamond nanoparticles another

question arising is if the presence of nanodiamonds

indicates the same extreme pressure conditions as that

of diamonds. Badziag et al. [85] demonstrated that from
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the physical point of view nanometre-sized diamonds in

which the surface bonds are terminated with hydrogen

atoms may actually be more stable than graphite clus-

ters of the same size, an expectation that has recently

been confirmed experimentally [76].

6.3. Raman shift and FWHM of microdiamonds

The Raman shifts in the measured microdiamond

inclusions in garnets between 1329 and 1332 cm�1

deviate from typical values for macroscopic diamonds

and the FWHM of the measured inclusions are unusu-

ally broad (2.2–4.6 cm�1). Deviations between typical

Raman shift and FWHM of macroscopic diamonds and

metamorphic microdiamonds from UHPM terranes

have been previously reported. Metamorphic microdia-

monds in dolomitic marbles from the Kokchetav Massif

showed band positions from 1330 to 1335 cm�1 and

relatively large FWHM of 5.9–8.0 cm�1 [86]. Similar

to the inclusions we studied, no correlation between the

FWHM and the position of the main diamond band was

detected [86,87]. Metamorphic microdiamonds includ-

ed in zircons from the North Qinling Zone (Central

China) yielded shifted Raman bands between 1331 and

1334 cm�1, suggesting the presence of impurities [5].

Broadening of the Raman band means shortening of

the phonon lifetime or the phonon mean free path [88].

Several reasons may cause increased FWHM and/or

downshift of the F2g phonon of diamond: Increase of

laser power and decrease of particle size, internal stress

variations caused by grain boundaries, nitrogen impu-

rities and structural defects [36,88,89]. Increased laser

power can be excluded since in our experiments it was

below 1 mW at the focal point which should prevent

any spectral change or sample destruction due to local

temperature increase. The lack of a general correlation

between Raman shift and FWHM of microdiamond

bands investigated in this and previous studies

[5,86,87] suggests that in most of the cases more than

one of the above mentioned reasons contribute to the

observed variations.

6.4. The growth of diamonds

The composite inclusions of microdiamond+carbo-

nate and (?) nano-diamond+CO2+carbonate and single

diamond and graphite inclusions in swarm-like trails

also containing carbonates and CO2-rich fluids in gar-

net porphyroblasts suggest the presence of H2O–CO2

fluid during UHP metamorphism in the diamond sta-

bility field and the close relationship between fluids and

diamond formation.
Crystallisation of diamond from a supercritical CO2

or C–O–H fluid has been studied experimentally (e.g.,

[90,91]) and proposed as a formation mechanism of

natural metamorphic diamonds (e.g., [92–94]). It has

been shown that supercritical CO2 acts as a diamond-

forming solvent catalyst [91]. Carbonates have been

also reported to be such catalysts under high pres-

sure–high temperature conditions (e.g., [95–99]). Inter-

growths of carbonate with diamond have been

described in garnet [100] and clinopyroxene (Korsakov

and Hermann, unpublished data) from diamond-bearing

dolomite marbles in Kokchetav UHP carbonate rocks.

Recently, the possibility of formation of carbonate

melts in deeply subducted crustal rocks has been dis-

cussed. Magnesian calcite inclusions in garnet and

occasionally in clinopyroxene, which display typical

textures of melt inclusions, occasionally including

microdiamonds and minor silicate phases, have been

studied in diamond-bearing meta-carbonates from the

Kokchetav Massif. They provide strong evidence that

they represent trapped carbonate melts (Korsakov and

Hermann, unpublished data).

7. Conclusions

The following conclusions can be drawn from the

study of the C-polymorph micro-inclusions in garnet

porphyroblasts from metapelites of the Rhodope

Metamorphic Province by means of Raman micro-

spectroscopy:

! The analytical proof of microdiamond inclusions in

kyanite–biotite–garnet metapelites of the Greek

Rhodope by means of in situ Raman micro-spectros-

copy confirms that these rocks have undergone an

ultrahigh-pressure metamorphism [1,6–8].

! The presence of diamond, cubic diamond–graphite

composite inclusions, disordered graphite and highly

ordered graphite in the same garnet porphyroblasts

and the random distribution of graphite with different

degree of graphitization exclude the possibility of

prograde entrapment of increasingly ordered graphite

during garnet growth and suggests that the D band in

disordered graphite most probably arises from the

distortion of the diamond structure during transfor-

mation to graphite. An octahedral or cubic habitus of

graphite is the most convincing evidence for graphi-

tized diamond. We interpret the transformation of

diamond to graphite as continuous with the formation

of disordered graphite as intermediate phase.

Disordered graphite may have also precipitated from a

combination of solid-state diamond–graphite transfor-
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mation and reequilibration of primary fluid inclusions.

Since crystallinity itself is insufficient to distinguish the

origin of graphite further high resolution microscopy

needs to be performed in order to clarify this issue.

! In the light of the present study, the controversial

Raman spectrum presented by Mposkos and Kosto-

poulos [1] is likely that of disordered graphite

formed after diamond.

However, studying C-polymorphs with the 633 nm

line of an He–Ne laser the possibility that a real

diamond band is overlapped by graphite’s D band in

the rather intense band at 1332 cm�1 cannot be

discounted.

! Of great interest is the presence of a C-phase, the

Raman spectrum of which consists of a broad com-

posite and asymmetric band at ~1330 cm�1 indicative

of sp3-hybridized C. The lack of a defined G band at

~1580 cm�1 differentiates this phase from graphitic

carbon (sp2-hybridized C), either amorphous or crys-

talline. High resolution TEM study would provide

valuable and diagnostic information on the nanos-

tructural characteristics of this C-phase (?nanodia-

mond, ?lonsdaleite, ? a different polymorph).

! Raman shift and FWHM of the F2g phonon mode of

metamorphic microdiamonds frequently deviate

from the typical values for macroscopic diamonds

which is attributed to variable particle size, internal

stress variations, impurities and structural defects.

! Composite inclusions of diamond+carbonate, C-

polymorph+CO2+carbonate, graphite+CO2 and

single diamond and graphite inclusions in swarm-

like trails also containing carbonates and CO2-rich

fluids in garnet porphyroblasts imply that CO2 and

possibly C–O–H fluids were involved in the forma-

tion of diamond and disordered graphite.
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