
Andrey V. Korsakov and Maria Perraki 

Sobolev Institute of Geology and Mineralogy SB RAS, Novosibirsk, Russia 

School of Mining  & Metallurgical Engineering 

National Technical University of Athens, Greece 

 

RAMAN SPECTROSCOPY AND IMAGING:  

USEFUL TOOLS IN THE STUDY OF MINERALS 

AND FLUIDS IN HP/UHP METAMORPHIC 

ROCKS 



Definition of  Ultra-

High Pressure (UHP) 

metamorphic conditions 

• Ultra high pressure (UHP) 
metamorphic rocks of common 
basic to felsic nature are defined 
by the occurrence of coesite, a 
silica polymorph that is denser 
than quartz. According to 
several experimental studies, 
the transition from quartz to 
coesite at 600°C requires a 
pressure (P) of around 27 kbar, a 
temperature (T) of conditions 
that occur on Earth at depths 
close to 100 km. Pressure and temperature stability of various 

mineral phases that are of relevance to UHP 

metamorphism (after Massonne, 2005).  

UHP 

conditions 



Metamorphic Petrology /   

(U)HP Metamorphic Rocks 

• What is important in Metamorphic Petrology? 

• To determine the Peak Metamorphic Conditions  

• To reveal the subduction and exhumation path 

 

• What is the methodology? 

• Conventional geothermometers and geobarometers 

• Thermodynamics softwares based on internally consistent 
thermodynamic datasets (THERMOCALC, TWQ, PERPLEX, etc) 

 

 

 

 

 



Raman Spectroscopy in  

(U)HP Metamorphic Rocks 

• (U)HP Polymorphs 

• C  Graphite / Diamond 

• SiO2 Quartz / Coesite 

• CaCO3 Calcite / Aragonite 

• Al2SiO5 Sillimanite (/Andalousite) / 

Kyanite 
• TiO2 Anatase / Rutile / TiO2 with α-PbO 

structure 

• NaAlSi3O8 Albite / Kumdykolite 

• KAlSi3O8 Orthoclase (Microcline-

Sanidine) / Kokchetavite 

• … … … … …   

• Multiphase Fluid/Melt inclusions 
• Internal stress / overpressure 



Raman Spectroscopy in (U)HP 

Metamorphic Rocks 

 Not well-identified optical properties because of small size 
 Beneath the thin section surface  SEM study impossible 



Raman Spectroscopy in  

(U)HP Metamorphic Rocks 

• (U)HP Polymorphs 

• C  Graphite / Diamond 

• SiO2 Quartz / Coesite 

• CaCO3 Calcite / Aragonite 
•

•

•

•
• Internal stress / overpressure 



• Raman spectroscopy 

• very sensitive to the nature of 
carbon bonding  Important 
non-destructive characterization 
tool for distinguishing micro-
sized particles of C polymorphs,  

• Very useful in the study of C 
micro- inclusions not exposed at 
the polishing surface, since it 
gives the opportunity of focusing 
onto different depths into the 
sample (e.g. Nasdala & Massonne, 
2000).  

 

C-polymorphs (Graphite-Diamond-

Lonsdaleite) 
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1332 ± 0.5 cm-1 

FWHM   1.65 ± 0.02 cm-1 

 



1580 cm-1 

Ordered graphite 

graphite 
Hexagonal/ 
rhombohedral 

Ar laser 514.5 nm 

He-Ne laser 632.18 nm 

Disordered graphite 

decreasing laser energy  Shift of the D band to lower wavenumbers (Matthews et al., 1999) 

Graphite 

Ordered graphite: 1580 cm-1 

Disordered graphite:                                 
D2 1620 cm-1, D3 1500 cm-1 

D1 1350 cm-1 D1 1330-1340 cm-1 

Graphite 



Lonsdaleite (hexagonal diamond) 
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Raman spectrum of a lonsdaleite standard (from SMITH, D C (2008) revealing 

that it is centred slightly to the left of diamond and is much wider and weaker. 



First metamorphic Diamond reported 
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From Liou, 2007 
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Diamond  
Kokchetav Massif, Kazakhstan 

Diamonds inclusions in 
clinopyroxene and garnet,    

Kumdy Kol deposit 

Dol 

Dia 

Grt 

Diamonds inclusions in dolomite 
included in garnet,    

Kumdy Kol deposit 

(Maria Perraki, Andrey Korsakov, David 
Smith, Evripidis Mposkos 2009, American 

Mineralogist, 94, 546-556) 



Diamond  

Kokchetav Massif, Kazakhstan 
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Dia 

Matrix Diamonds,  

Kumdy-Kol deposit 

Dia 

Diamond inclusion in garnet,  

Barchi-Kol deposit 

Grt 

(Maria Perraki, Andrey Korsakov, David 
Smith, Evripidis Mposkos 2009, American 

Mineralogist, 94, 546-556) 



Diamond  

Kokchetav Massif, Kazakhstan 
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Dia Dia 

Ky 
Mica 

Diamonds inclusions in kyanite,    

Barchi Kol deposit 

Diamonds inclusions in mica,    

Barchi Kol deposit 

(Maria Perraki, Andrey Korsakov, David 
Smith, Evripidis Mposkos 2009, American 

Mineralogist, 94, 546-556) 



Diamond  

Erzgebirge Massif, Germany 
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Diamond: Single inclusions or part of 
polyphase solid-melt inclusions in zircons 
or garnet from grt-ky-quartzofeldspathic 
rocks 

 

(polyphase diamond-bearing inclusion 
first described in grt by Stoeckhert et al 
2001, Geology, 391-394) 

Dia 

Zrc 



Diamond  

Rhodope Metamorphic Province, Greece 
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(Maria Perraki, Alexander Proyer, 
Evripidis Mposkos, Reinhard 
Kaindl, Georg Hoinkes, 2006, 

EPSL, 241, 672-685) 

Dia 

Grt 

Grt 

Grt 

Grt 

Grt 

Dia+Cc 

Dia 

Dia 

Dia+Cc 









Diamond polishing materials 

Diamond cutting saws 



Thin section surface 

 

?  

Dia 

Grt 



Diamond size  

>>> polishing diamond size  



Inclusions/coatings/ 

coexistent phases 

Graphite inclusion in and graphite 
coating around diamond 

 

(Kokchetav Massif, Kazakhstan) 

Diamond + CO2 + carbonate 

 

(Rhodope Metamorphic Province, Greece) 

 



Diamond Raman Spectra 
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F2g diamond band:  

Shift & broadening 

 

• Increasing laser power / heating (e.g. Zhao et al. 1998) 

• Decreasing of particle size (nanoparticles, e.g. Yoshikawa et al. 1995) 

• Internal stress variations (e.g. Grimsditch et al. 1978) 

• Nitrogen (or B, or…) impurities (e.g. Surovtsev et al. 1999) 

• Metamictization of diamond by zircon’s radioactive content (e.g. Godard 

et al. 2004) 



F2g diamond band: Shift & broadening 

Internal stress variations 

Nasdala et al. 2005, American Mineralogist, 90, 747-748 

Diamond with single-crystal of graphite inclusion from the Panda 
Kimberlite, Canada 

dia 

grph 

A. Internal stress caused by inclusions in diamonds due to different elastic 
properties between the diamond and the inclusion 



F2g diamond band: Shift & broadening 
Internal stress variations 

B. Remained overpressure in diamond inclusions in robust minerals (e.g. garnet, 
zircon) caused by different elastic properties between the diamond inclusion and 
the host mineral  

  very possible in the case of UHP metamorphic rocks 



DIAMOND FROM UHPM ROCKS 
a

c

b

1338 cm
-1

1330 cm
-1

3 cm
-1

11 cm
-1

Diamond inclusion in 
garnet (a) and  Raman 
maps and the depth scan 
were performed in the area 
marked in blue and green 
line respectively 

The results of the Lorenzian curve fits for exact position and the width are displayed in the images left and right 

FIGURE 1. Raman spectra of three micro-areas at the surface and 
inside diamond specimen PAG12. Increased remnant pressure 
(compressive strain) is indicated by the increased Raman shift of 
the diamond LO=TO phonon. Remnant pressures were assigned 
based on the calibrations of Grimsditch et al. (1978) and Sharma et 
al. (1985). (Nasdala et al., 2005) 



F2g diamond band: Shift & broadening 

(Nitrogen) impurities 

Surovtsev et al. 1999, J. Phys.: Condens. Matter 11 (1999) 4767–4774 



Graphite  
ordered-disordered 
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1580 cm-1 

Ordered graphite 

Ar laser 514.5 nm 

He-Ne laser 632.18 nm 

Disordered graphite 

R2= D1 / (G+D1+D2) 
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Diamond+graphite inclusion in garnet 

(Greek Rhodope Metamorphic Province,  

Perraki et al 2007, Spectrochimica Acta, 1077-1084 



Cuboid disordered graphites 

Order peak (G): 1578 cm-1 

Disorder bands (D):  

 D1: 1330 cm-1 

 D2: 1617 cm-1 

G band 

D1  band 

D2 band 



Cuboid disordered graphites 

G band 

 1583 cm-1 

D1  band  

1332 cm-1 

D2 band 

1618 cm-1 

Cc 

ID1/IG   0.26-0.86 

ID1/(ID1+IG+ID3) 0.20-0.42 

Shift of D1 band  1330-1345 

 

D1 

D2 

G 



Highly ordered graphites 

G band 

1584 cm-1 
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Diamond-graphite inclusion in garnet, Kokchetav Massif 
Korsakov et al 2010, JoP, 763-788 



(111) 

a 

c 

b 

c 

b 

a 

diamond graphite 

disordered graphite 

(Crystal models from Inorganic Crystal Structure Database, 2004) 
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• Quartz 

trigonal 

• Coesite 

monoclinic 

SiO2 

40 



SiO2 
coesite 

41 

First found and described in  
• The Caledonides by David Smith 1984, 

Nature, 310, 641-644 and 
• The Western Alps by Christian Chopin 

1984, CMP, 86, 107-118 
 

http://ruby.colorado.edu/~smyth/Research/Images/SRV-1/Coesite1.jpg
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quartz 

coesite 
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1 

SiO2 
coesite 



SiO2 
coesite 
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Coesite in zircons from DabieShan gneisses, 
Ye et al 2001 Am. Mineralogist, 86, 1151-1155 



SiO2 
coesite 

• coesite exsolution in titanite  
supersilisic titanite 

• SiO2 exsolution occurred in the coesite 
stability field during exhumation of 
the UHP metamorphic unit 



SiO2 
quartz 

45 



SiO2 
quartz 

46 



SiO2 
quartz 

47 

KORSAKOV A.V., PERRAKI M., ZHUKOV V.P., DE 
GUSSEM K., VANDENABEELE P., TOMILENKO A.A. 
2009:.  
European Journal of Mineralogy, 21, 1313-1324. 
 

Rock type: 
Garnet mica schist 
Location:  
Barchi-Kole, Kokchetav Massif, 
Kazakhstan  
Mineral assemblage: 
Grt, Phe, Ky, Qtz/Coe(? ), Gr, 
Ilm, Rut, Chl  
Peak PT conditions: 
600–650 0C 1.6–2.4 GPa 
 



SiO2 
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KORSAKOV A.V., PERRAKI M., ZHUKOV V.P., DE 
GUSSEM K., VANDENABEELE P., TOMILENKO A.A. 
2009:.  
European Journal of Mineralogy, 21, 1313-1324. 
 



SiO2 
quartz 

49 

from Mir kimberlite pipe 
(Yakutiya, Russia) 

Roct type: 
diamond-bearing eclogite 
xenolith  
Location:  
Mir kimberlite pipe (Yakutiya) 
Mineral assemblage: 
Grt, Cpx, Dia, Qtz, Ru 
Peak  PT conditions: 
1100–1200  0C  5GPa 

KORSAKOV A.V., PERRAKI M., ZHUKOV V.P., DE 
GUSSEM K., VANDENABEELE P., TOMILENKO A.A. 
2009:.  
European Journal of Mineralogy, 21, 1313-1324. 
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SiO2 
quartz 

51 
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Numerical modeling of coesite-to-
quartz transformation considering a 
3-shelled elastic sphere in linear 
elasticity 
• The system consists of pyrope and 

coesite at T0 and P0, with coesite 
being completely transformed to α-
quartz 

• At the final stage the garnet host is 
at ambient conditions 
 
 

• The residual presence for quartz 
inclusions should be as high as 3 
GPa  
 



SiO2 
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KORSAKOV A.V., PERRAKI M., ZHUKOV V.P., DE 
GUSSEM K., VANDENABEELE P., TOMILENKO A.A. 
2009:.  
European Journal of Mineralogy, 21, 1313-1324. 
 

• Monocrystalline quartz inclusions 
with residual pressure up to 1.2 GPa 
(shift of the main quartz Raman 
band up to 474 cm-1) might be 
considered as indirect evidence for 
UHPM conditions. 

•  Monocrystalline quartz inclusions 
with residual pressure above 2.5 GPa 
would clearly indicate that these 
quartz inclusions were coesite, 
which transformed to quartz. 



• Calcite 

• Trigonal 

• Aragonite 

• Orthorhombic 

 

CaCO3 
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CaCO3 
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CaCO3 

57 



• Kyanite 

• Triclinic 

• Sillimanite 

• Orthorhombic 

Al2SiO5 
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• Andalusite 

• Orthorhombic 



Al2SiO5 
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Al2SiO5 inclusions in diamond bearing 
garnet, Rhodope 
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TiO2 

Rutile TiO2 with a-PbO2 structure 

61 

Anatase 

R. Ren, Z. Yang, and L. L. Shaw, “Polymorphic transformation and powder characteristics of 
TiO2 during high energy milling,” Journal of Materials Science, vol. 35, no. 23, pp. 6015–6026, 
2000. 
A. C. Withers, E. J. Essene, and Y. Zhang, “Rutile/TiO2II phase equilibria,” Contributions to 
Mineralogy and Petrology, vol. 145, no. 2, pp. 199–204, 2003. 



TiO2 with α-PbO2 structure 

62 

diamondiferous quartzofeldspathic 
rocks from the Saxonian Erzgebirge, 
Germany 
Hwang et al 2000 Science, 288, 321 

α-PbO2-type nanophase , coesite-bearing eclogite, 
Dabie Mountains, China 
Wu et al 2005 American Mineralogist 90 1458-1461 



TiO2 with α-PbO2 structure 

Shocked garnet gneisses, Ries Crater, Germany 
El Goresy et al 2001, EPSL, 182, 485-495 



• Albite 

• Triclinic 

• Kumdykolite 

• Orthorhombic 

NaAlSi3O8 
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NaAlSi3O8 

65 



• Orthoclase 

• Monoclinic 

• Kokchetavite 

• Hexagonal 

KAlSi3O8 
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KAlSi3O8 
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Raman imaging on Polyphase inclusions  

KAlSi3O8 

Raman imaging with SEM: 
identification of Cal, Phe, Hbl, Qtz 
and KAlSi3O8 in polyphase inclusions.  
According to previous studies these 
polyphase inclusions represent a 
melt at peak metamorphic 
conditions 
(Perchuk et al., 2004, 2005, 2009; Hwang et al., 2001, 2006; 
Korsakov&Hermann, 2006) 

KAlSi3O8 

Polyphase inclusions in Cpx porphyroblast a) 

transmitted light c),e) SEM images of polyphase 

inclusions b),d),f)  confocal Raman images 



Raman imaging of polyphase inclusions  
(as Fig. c and d before) 

Raman spectroscopic image of 

polyphase inclusion and the host 

clinopiroxene . 

Cpx 

PI 

confocal Raman imaging reveals 

variation in the host Cpx 



Raman spectra interpretation 

a) Raman spectra for K-cymrite and kokchetavite   
(Kanzaky et al., 2012)  
b) Raman spectra of  K-cymrite (Mikhno et al., 2013) 

• Raman spectra here for KAlSi3O8 show 
peaks at 102-106 cm-1 with a shoulder at 114 cm-

1, 385.8 cm-1, 833 cm-1  and OH-stretching 
vibration at 3562-3640 cm-1 

 

• A previous Raman spectroscopic study 
reveals that KAlSi3O8 is predominantly 
kokchetavite (Hwang et al., 2004), which is a 
nominally anhydrous mineral  

 no OH-stretching mode. 
 

• Here: good correspondence for the Raman 
spectra of KAlSi3O8 with that of K-cymrite 
(KAlSi3O8*H2O) (major peaks as above and 
OH-stretching vibration at 3541 cm-1 with a 
shoulder at 3623 cm-1).  
 
 Therefore we assume that the observed 
polyphase inclusions contain K-cymrite, 
which was never reported in natural rocks 
before.   



Fluid Inclusions 

71 

Beneath the surface 



• XY Raman Image of the inclusion. The Raman spectra of the  garnet show 
some significant variations in the relative peak intensities (c). The spectra 
shown above are normalize to the peak near 900 cm-1 and the differences 
are clearly visible between the red and the magenta spectra (especially from 
the peak near 850 cm-1 and near 360 cm-1; here the magenta curve is 
overlapped by the orange curve). The orange spectra shows the calcite. The 
aqueous phase showed some significant differentiation, which can clearly 
be seen from the spectra shown on the right (f ). Cal=calcite, H2O-Liq= 
liquid water, Grt=garnet  



• In the YZ (Depth) Scan, the Garnet signal again shows some 
significant variations in the relative peak intensities. The spectra 
shown above are normalize to the peak near 900 cm-1 and the 
differences are clearly visible between the red and the magenta 
spectra (especially from the peak near 850 cm-1 and near 360 cm-1). It 
seems as if the magenta phase is lying in between the red garnet 
phase and the aqueous phase.  



Sample 

Focal 
Plane 

Working 
Distance 

Confocal Raman Imaging of inclusions: the principle 

 3D-Raman : confocality at the diffraction limit 

    x-y resolution ~350nm, z resolution ~850nm  

Copyright WITec GmbH 



Sample 
Sample 

Working 
Distance 

Copyright WITec GmbH 

Focal 
Plane 

Confocal Raman Imaging of inclusions: the principle 

 3D-Raman : confocality at the diffraction limit 

    x-y resolution ~350nm, z resolution ~850nm  



Sample 
Sample 

Sample 

Working 
Distance 

Copyright WITec GmbH 

Focal 
Plane 

Confocal Raman Imaging of inclusions: the principle 

 3D-Raman : confocality at the diffraction limit 

    x-y resolution ~350nm, z resolution ~850nm  



100 x 100 x 20 (=200,000) spectra 

0.132s integration time per spectrum 

60 x 60 x 30 µm³  

532 nm excitation; 100x NA=0.9 

Confocal Raman Imaging 

 3D-Raman : polyphase inclusion in Garnet 



Confocal Raman Imaging 

 3D-Raman : polyphase inclusion in Garnet 
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Garnet host 

Garnet + Calcite 

Confocal Raman Imaging 

 3D-Raman : polyphase inclusion in Garnet 



BSE-images 

Garnet compositions: Alm22-23Sps2.1-2.3Pyr22-24Grs51-52 
(Grt-I) and  Alm20-27Sps2.0-3.8Pyr7-27Grs50-62 (Grt-II) 



Tips & Advice  
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• Acquire a spectrum of the host mineral first 

• Garnet 

• Pyroxene 

• Zircon 

• Micas 

• Titanite 

• Rutile 

• … 

 

 

 



Tips & Advice  
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• Acquire a spectrum of the host mineral first 

• Acquire the whole spectral region (surprise might be hidden) 

• A band at ~1330 cm-1 

• The F2g diamond band 

• The D1 (disorder) graphite band when excited at 632.8nm 

• Lonsdaleite band 

• Haematite band 

• XXX luminescence band  

 

 

 

1332.5 cm-1 

Diamond 

Ar laser 514.5 nm 

He-Ne laser 632.18 nm 



Tips & Advice  
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• Acquire a spectrum of the host mineral first 

• Acquire the whole spectral region 

• Never underestimate band (up-/down-) shifts or significant band 
broadening 

• Pay attention to extra peaks 

• Multi-wavelength laser analysis if possible (be careful of laser-
induced artifacts e.g. luminescence bands) 
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Raman Spectroscopy : A powerful tool in studying 
metamorphic rocks 
 
 
As it converts … 



Common-looking rocks 
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Grt-Ky-Bi metapelites 
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…to spectacular discoveries 
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Спасибо! 


