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NEW ACHIEVEMENTS IN THE MINERAL STUDIES
BY USE OF THE RAMAN MICROSPECTROSCOPY

NOWE OSIAGNIECIA W BADANIACH MINERAEOW PRZY UZYCIU SPEKTROMETRU RAMANA

KATARZYNA JARMOLOWICZ-SzULC!, KRYSTYNA WOLKOWICZ!

Abstract. By the means of the technique of the Raman microspectrometry, the complex history of the Earth can be better understood.
That is why the Raman spectra determinations are the object of interest in the present paper. The examples of such experiments are pre-
sented based on the analyses performed in last years in different scientific centers (Potsdam, Banska Bystrica, Budapest). The identification
of inclusion content is shown and the conclusions are drawn for fluid inclusions in some quartz samples from two different localities in
Poland — in the Carpathians and in the Fore-Sudetic Block. The implications of the Raman analyses are discussed. It results from the Raman
analyses performed that not fluorescing, gas-filled bubbles of huge fluid inclusions from the Jabtonki and Rabe vicinity (the tectonic mé-
lange zone in the Carpathians) have the complex composition of CH,, CO, and N, in different mutual proportions dependent on the sample
and locality. In another place, despite the fluorescing background, only methane has been identified by Raman spectra. Similar gas compo-
sition was determined in the inclusions in the vein quartz in the Wadroze Wielkie area (the Fore-Sudetic Block).

Key words: Raman microspectrometry, fluid inclusions, quartz.

Abstrakt. Ztozona historia Ziemi moze by¢ lepiej zrozumiana za pomoca microspektrometrii Ramana. Totez oznaczenia widma rama-
nowskiego sa przedmiotem zainteresowania biezacej pracy. Zaprezentowano przyktady oznaczen ramanowskich, wykonanych w ostatnich
latach w réznych o$rodkach naukowych (Poczdam, Banska Bystrzyca, Budapeszt). Przedstawiono identyfikacje sktadu inkluzji i wycia-
gniete wnioski dla inkluzji fluidalnych z probek kwarcu z dwéch réznych lokalizacji w Polsce — Karpat i bloku przedsudeckiego. Przedys-
kutowano implikacje analiz widma Ramana. Jak wynika z przeprowadzonych badan, niewykazujace fluorescencji, wypelione gazem pe-
cherze w olbrzymich inkluzjach w rejonie Jabtonek i Rabego (strefa melanzu tektonicznego w Karpatach) majg sktad ztozony z CH,, CO,
1N, w réznych wzajemnych proporcjach w zaleznosci od probki i lokalizacji. W innym miejscu, niezaleznie od zaktocajacego obraz widma
fluoryzujacego tla, w spektrach Ramana mozna wyraznie zidentyfikowa¢ metan. Zblizony sktad gazu okreslono w inkluzjach w kwarcu
zylowym w rejonie Wadroza Wielkiego (blok przedusedcki).

Stowa kluczowe: mikrospektrometria Ramana, inkluzje fluidalne, kwarc.

INTRODUCTION rogeneous samples provided by the various fields of applica-
tion of Earth Science: mineralogy, gemmology, petrology,
geoarcheology, paleontology, planetology or volcanology.

The method is based on the fact that when photons inter-

The Raman spectroscopy is a practical exploration tool
to study geological materials. This technique is a rapid and

reliable way to confirm the composition of e.g., gemstone or
dolomite. Chemical information can be obtained without any
extraction procedure or sample preparation. Thus, the analy-
sis can be achieved in situ and if necessary, directly at the
geological site. Raman imaging is also useful to study hete-

act with any matter, such as when light is focused onto
a rock sample in a microscope, it can either be reflected, ab-
sorbed or it can be scattered. This last type of the action is
the object of interest in the present paper. As the Raman scat-
tered light interacts with vibrational modes of the molecule,
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a vibrational spectrum may be obtained allowing for identi-
fication of molecules and their functional groups. The Ra-
man spectra have been studied for long decades. In case of
fluid inclusions, many papers were presented (e.g., Dhame-
lincourt et al., 1979; Dubessy et al., 1982; McMillan, 1985;
1989). Recently, the paper of Frezzotti et al. (2012) has been
a good compendium of Raman analysis.

The examples of Raman experiments and identification
will be presented based on the analyses performed in diffe-
rent scientific centers (Potsdam, Banska Bystrica, Budapest).
These centers are equipped in the Raman microspectrome-
ters (LabRAM, Horiba, DXB2), the detailed description of
which may be found in the internet. The conclusions will be
drawn for fluid inclusions in some quartz samples from dif-
ferent localities in Poland — in the Carpathians and in the
Sudetes. The petrographic-mineralogical details for the stu-
dy areas are presented elsewhere (Jarmolowicz-Szulc, Jan-
kowski, 2011; Jarmotowicz-Szulc et al., 2012; Wotkowicz,
2016, 2018). The Raman analyses implications will be di-
scussed here pointing out the necessity of the introduction of
this sort of determinations into the regular petrographic and
mineralogical studies. The aspects of the determinations of
the organic matter are not shown.

THEORETICAL BACKGROUND —
THE RAMAN EFFECT
AND THE RAMAN MICROSPECTROSCOPY

Raman spectroscopy is the study of the interaction be-
tween light and matter in which the light that is inelastically
scattered: a process called the Raman effect (Griffith, 1974;
Frezzotti et al., 2012) .

In a Raman spectroscopy experiment, photons of a single
wavelength (in the visible range this would be light of a sin-
gle color) are focused onto a sample (Delhaye, Dhamelin-
court, 1975). The photons interact with the molecules and
are either reflected, absorbed, transmitted or scattered. With
Raman spectroscopy, the scattered photons are studied. Pho-
tons which interact with molecules most commonly scatter
elastically. That is the Rayleigh scattering. However, appro-
ximately 1 out of a million photons are inelastically scatte-
red. That is an effect first described in 1928 by Sir Chandra-
sekhara Raman.

With Raman scattering, the incident photon interacts
with matter and its wavelength is either shifted lower or
higher (red or blue shifted, respectively). Red shifted pho-
tons are the most common, having been subject to a “Stokes
shift”. What has happened is that the photon has interacted
with the electron cloud of the functional groups bonds, exci-
ting an electron into a virtual state. The electron then relaxes
into an excited vibrational or rotational state. This causes the
photon to lose some of its energy and is detected as Stokes
Raman scattering. This loss of energy is directly related to
the functional group, the structure of the molecule to which

it is attached, the types of atoms in that molecule and its
environment.

Not every molecule or functional group exhibits the Ra-
man scattering. The Raman scattering intensity is, namely,
determined by such factors as the polarization state of the
molecule. The greater the change in polarizability of the
functional group, the greater the intensity of the Raman scat-
tering effect. That means that some vibrational or rotational
transitions, which exhibit low polarizability will not be Ra-
man active and they will not appear in a Raman spectra.

Raman microspectroscopy is where a Raman microspec-
trometer is used in place of a standard Raman spectrometer.
A Raman microspectrometer consists of a specially designed
Raman spectrometer integrated with an optical microscope
(Delhaye, Dhamelincourt, 1975). This allows to acquire Ra-
man spectra of microscopic samples or microscopic areas of
larger samples. The advantages are that much smaller sam-
ples are required and certain effects may also be enhanced
over very localized regions.

The Raman microspectrometers are often equipped with
multiple lasers with differing laser wavelengths: different
samples may be excited at different wavelengths in order to
obtain the strongest Raman signal.

METHODOLOGY

Samples for the Raman determinations have been pre-
pared either as the standard uncovered thin sections for pet-
rological studies or the special, double sided polished sec-
tions for fluid inclusion analyses. The individual sample is
placed to the Raman microspectrometer e.g., to DXR into
the beam of the specially selected laser. The use of 532 nm
laser (green) supplies from 3 to 8 mW onto the sample sur-
face that enables spectra formation. Point spectrum is exci-
ted within 20 to 50 seconds depending on the sample. In the
confocal mode, the spectrum in the net of 2 um may be ob-
served, being, however, more time-consuming (Burruss,
2003).

Details on the Raman equipments in different localities,
where the exemplary analyses were performed, have been
accessible on webpages of certain laboratories (GFZ, Pots-
dam, Slovenska Akademia Ved, Banska Bystrica, Eotvos
University, Budapest).

Spectra are observed in the computer monitor and regi-
stered (Fig. 1). Individual maxima are identified as for their
wave length and compared to the identification tables (Frez-
zotti et al., 2012). In case of the gas-filled inclusions — the
field of the spectrum may be measured and the percentage of
phases can be calculated based on the mutual relation of
identified components. Such a detailed composition may be
further used for the p-V-T calculations with an application of
specialized computer programs (Bakker, 2003; Bakker,
Brown, 2003).
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Fig. 1. A. Computer image of the Raman spectrum. The
application of the 532 nm, spectrum interval 37-3543 cm™.
The fluorescence of the inclusion prevents the Raman spec-
trum clarity (DXB2, Poland). B. Microscopic image of not
fluorescent liquid-gas inclusions in quartz — perfect objects

for the Raman spectrum analyses. Quarz vein. WW 1 sample.
Fore-Sudetes (Poland)

A. Obraz komputerowy widma Ramana. Zastosowanie zrodla
532 nm, zakres widma 37-3543 cm . Fluorescencja inkluzji
zaktoca widmo Ramana (DXB2, Polska). B. Obraz mikrosko-
powy inkluzji cieklo-gazowych niewykazujacych fluorescencji
— doskonatych obiektow analizy widma Ramana. Zyta kwarcowa.
Probka WW1. Przedgorze Sudetow (Polska)

RAMAN SPECTRA DETERMINATIONS

THE MARMAROSH DIAMOND DETERMINATIONS

Gas inclusions trapped in the so called Marmarosh dia-
monds — the special type of the quartz from the Carpathians
were analyzed (Fig. 2, 3). The inclusions are distinctly one
phase (Fig. 2A, C), their shape is often very characteristic.
Spectra were registered in the interval from 37 to about
4000 cm™'. A distinct peak of the wave length of 2950 cm™
points to methane as the filling of the inclusion (Fig. 2B).
The Raman analysis of 20 pm fluid inclusions embedded in

a quartz crystal was carried out on the LabRAM HR (Fig. 2E).
The inclusions were two phase system ones — with a huge
bubble. The gas phase consists of a mixture of CO, (1279
and 1383 cm™'), CH, (2911 cm™), N, (2326 cm™!) and H,S
(2611 cm™) being enclosed in the liquid phase (3200—
3700 cm ') — Fig. 2F. Other inclusions (the Jablonki and
Rabe vicinities) show the presence of CH, (2914 cm™), CO,
(1285 and 1388 cm ') and N, (2331 cm™) in different mutual
proportions (Jarmotowicz-Szulc et al., 2012). Totally not
fluorescing inclusions from one Rabe locality in the Biesz-
czady Mts (Poland) reveal the composition with a distinct
component of the carbon dioxide: CO, — 80%, CH, — 20%
(Fig. 3A). Together with fluorescence studies that should
precede the Raman determinations, these results could point
to the content of fluids/gases that circulate in the Carpathian
systems (Jarmotowicz-Szulc, 2019, this volume). It would
be interesting to trace the exact composition of gas inclu-
sions all over the Carpathians by Raman analyses with
a stress put on the sampling in the mélange zones.

The character of the fluid in the inclusion and the stage of
the inclusion itself are the base for the adequate, reliable
spectrum. The fluorescence of the inclusion, the presence of
the organic matter as well, cause either the disturbance in the
spectrum (see: Fig. 2B) or, they totally prevent the spectrum
visibility (Fig. 3B, LabRAM, DXB). It was the case of the
methane PRIS-91 sample collected in the Prislop-Dara re-
gion in Slovakia (Jarmotowicz-Sulc, 2018).

THE WADROZE WIELKIE QUARTZ DETERMINATIONS

By the use of the Raman spectroscopy a composition of
the fluid inclusions in the quartz from the veins in the Wa-
droze Wielkie crystalline rocks and in the surrounding meta-
morphic rocks has been determined (Czyzowa, Majerowicz,
1965; Berezowska, Berezowski, 1979; Wotkowicz, 2016).
The study area lies in the Lower Silesia region in the Fore-
-Sudetic Block, the Kaczawa complex as well (Baranowski
etal., 1987).

The differentiated assemblage of fluid inclusions occurs
in the quartz crystals that were formed in a complex, multi-
stage development (Wotkowicz, 2016). The character of these
inclusions was determined due to the microthermometric
studies. In general, they are filled with a brine, that locally
contains a differentiated gas admixture. Temperatures of
phase transitions point to the complicated gas composition,
with a CO, predominance and some addition of CH,, H,S
and N, (Wotkowicz, 2015, 2018). The phase transitions were
difficult and time-consuming in observations, especially
with trace amounts of the components. That is why the Ra-
man spectra analysis was used for confirmation of the micro-
thermometric diagnosis obtained by means of the heating-
-freezing stage.

In the Raman spectrum, the predominance of CO, in the
studied gas-rich inclusions was stated with some admixture
of H,S (peak of 2607 cm ', Fig. 3E), CH, (peak of 2914 cm ")
and N, (Burke, 2001; Hester et al., 2007). In case of the ni-
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Fig. 2. One phase not fluorescing fluid inclusions in quartz (Marmarosh Diamonds — MD) and their Raman spectra

A - one phase, not fluorescing inclusions. Wotosate 12 sample (Poland); B — the Raman spectrum with some noise due to the slight fluorescence of a sur-
rounding hydrocarbon film. The methane and quartz peaks are visible despite the noise. Wotosate 12 sample (Poland). LabRAM, Banska Bystrica; C — one
phase, flat inclusion with evident explosion features. The length of inclusion is 20 micrometers. Sample NV4 (Nizhni Vorota, Ukraine); D — the Raman
spectrum identification of the peaks — 2911 for methane, 1278 and 1381 for quartz. Same sample as in fig. C. LabRAM Banska Bystrica; E — huge fluid in-
clusion, not fluorescing. Sample Ru 8/07 (Jabtonki region, Poland). The width of the inclusion is about 15 um; F — the Raman spectrum of the inclusion from
E. The inclusion content is: methane and nitrogene. Sample Ru 8/07. Raman spectrometer, HORIBA Jobin Yvon, GFZ Potsdam

Jednofazowe niefluoryzujace inkluzje fluidalne w kwarcu (diamenty marmaroskie — MD) i ich widma Ramana

A — inkluzje jednofazowe niewykazujace fluorescencji. Probka Wotosate 12 (Polska); B — widmo Ramana z niewielkim zakt6ceniem (“hatas”)spowodowa-
nym weglowodorowym filmem otaczajacym $cianki inkluzji. Niezaleznie od zaktocen — piki metanu i kwarcu sa dobrze widoczne. Probka Wotosate 12
(Polska). LabRAM, Banska Bystrzyca; C — jednofazowa, ptaska inkluzja z widocznymi §ladami eksplozji. Diugos¢ inkluzji — 20 pm. Probka NV4 (Nizhni
Vorota, Ukraina); D — identyfikacja pikoéw widma Ramana — 2911 dla metanu, 1278 oraz 1381 dla kwarcu. Probka jak na fig. C. LabRAM Banska Bystrzyca;
E — olbrzymia inkluzja fluidalna, niewykazujaca fluorescencji. Probka Ru 8/07 (rejon Jabtonki, Polska). Szerokos¢ inkluzji ok. 15 pm; F — spektrum Ra-
mana inkluzji z fig. E. Sktad inkluzji: metan i azot. Probka Ru 8/07. Spectrometer Raman, HORIBA Jobin Yvon, GFZ Poczdam
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Fig. 3. Inclusions and the Raman spectra

A — one phase, not fluorescing inclusion. Rabe-1 sample (Poland). The composition of the inclusion is: CO, — 80%, CH, — 20%; B — The Raman spectrum
with a lot of noise due to the fluorescence that prevents a clear spectrum creation. PRIS-91 sample (Slovakia). LabRAM, Banska Bystrica; C — no Raman
spectrum because of the fluorescence; D — further step of the Raman spectra identified in Horiba, GFZ Potsdam (Presentation of the gas phases content. After
Jarmotowicz-Szulc et al., 2012). A distinct diversity of composition is seen. Samples Ra 1-1 and Ra 2B contain predominantly CO, in contrary to the sam-
ples Ru 8-C and Ru 8-D — with a huge methane percentage with some carbon dioxide. Another sample contains almost equal proportions of CH, and CO,
with a nitrogen admixture; E — fragment of fluid spectrum in gas-filled inclusion. WW-1 sample. Values of the peaks document a presence of H,S (2607.3 cm™)
and methane (2914.1 cm™) according to calculations done by Réca Kaldos, Eotvos University (oral information)

Inkluzje i widma Ramana

A — jednofazowa inkluzja, niewykazujaca fluorescencji. Probka Rabe-1 (Polska). Sktad inkluzji jest: CO, — 80%, CH, — 20%; B — widmo Raman z silnym
“hatasem” zwigzanym z fluorescencja, co uniemozliwia uzyskanie wyraznego spectrum. Probka PRIS-91 (Stowacja). LabRAM, Banska Bystrzyca; C — brak
widma zwigzany z fluorescencja; D — dalszy krok w badaniach widma Ramana zidentyfikowanego przy pomocy Horiba, GFZ Poczdam. (Prezentacja zawar-
tosci faz gazowych wg Jarmotowicz-Szulc et al., 2012). Widoczne jest duze zréznicowanie sktadu. Probki Ra 1-1 i Ra 2B zawieraja gtownie CO, w przeci-
wienstwie do Ru 8-C i Ru 8-D — o duzej zawartosci metanu i niewielkim procencie dwutlenku wegla.. Inna probka zawiera prawie rowne ilosci CH, i CO,
oraz matg domieszke azotu; E — fragment widma inkluzji wypetionej gazem. Probka WW-1. Wartosci pikéw dokumentuja H,S (2607,3 cm™) i metan
(2914,1 cm™) zgodnie z przeliczeniami dokonanymi przez Réca Kaldos, Eotvos University (informacja ustna)
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trogen the double peak presence was observed — one origins
from the gas in the inclusion, the second — from nitrogen of
air origin. Peaks pointing to the solid phase presence, but the
quartz, are not seen in the spectrum. The brine composition
was determined basing on the cryometric analysis. The gas
composition obtained by use of the Raman method was si-
milar to that gained from the microthermometric studies.
The methods used are, therefore, compatible.

CONCLUDING REMARKS

The Raman analysis of fluid inclusions permits to quali-
tatively detect or identify gaseous and liquid phases, as well
as enclosed or enclosing minerals. As it is shown in the pa-
per, in some cases, the quantitative analyses are possible
(e.g., relative mole % in gas mixtures), and solute concentra-
tion in aqueous fluids (Mernagh, Wilde, 1989; Bakker,
2004). Major advantages of Raman spectroscopy are the
minimal sample preparation, and the excellent volume resolu-
tion: fluid inclusions as small as the laser spot size (1-2 pm)
can be precisely located and analyzed within double-sided
polished thin sections. In addition, as the Raman is a non-
destructive technique, there is no need to decrepitate fluid
inclusions to gain the composition.

Fluorescence, that covers the Raman spectrum (as it was
the case in the examples presented), represents the most si-
gnificant disadvantage during analysis. Therefore, the risk of
fluorescence must be always considered when selecting fluid
samples to analyze as it was in the case of some inclusions in
the Marmarosh diamonds (those filled in with higher hydro-
carbons). Another significant disadvantage seems to be the
absence of adequate libraries of reference spectra. That in-
convenience has been partly remedied by the compilation
because of a small spectral library dedicated to fluid inclu-
sion research, presented by Frezzotti ef al. (2012).

Raman spectroscopy has been used to successfully ana-
lyze fluid inclusions with an increasing number of publica-
tions through the years. No other technique can analyze li-
quid, gas and solid constituents. That is why it is so important
to incorporate this exclusive method aiming at the analysis
of geological fluids.
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STRESZCZENIE

Metoda Ramana badano sktad fluidow w inkluzjach za-
mknigtych w kwarcu w dwoch réznych lokalizacjach w Pol-
sce —w Karpatach i bloku przedsudeckim (fig. 1).

Zbadano inkluzje fluidalne w tzw. diamentach marmaro-
skich — szczegdlnej odmianie karpackiego kwarcu o pokroju
shupowym 1 bi-piramidalnym zakonczeniu krysztatow
(fig. 2, 3A-D). Wrostki te byly zdecydowanie jednofazowe
(fig. 2A, C), czesto miaty charakterystyczny ksztalt, nasladu-
jacy pokroj krysztalu kwarcu, w ktérym si¢ znajdowaly.
Analize widma Ramana przeprowadzano, rejestrujac spectra
w zakresie od 37 do 4000 cm™' (DXB). Wyrazny pik na wy-
kresie odpowiadajacy wartosci 2950 cm™! wskazuje na me-
tan jako wypeknienie inkluzji (fig. 2B). Badania przeprowa-
dzano takze na duzych inkluzjach dwufazowych (20 pum)
przy pomocy spektormetru LabRAM HR w Poczdamie
(fig. 2E, F). Inkluzje miaty charakter dwufazowy — z wiel-
kim pecherzem gazowym. Faza gazowa sktada si¢ z miesza-
niny CO, (piki 1279 i 1383 cm!), CH, (2911 cm'), N,
(2326 cm™!), zamknietych w fazie ciektej (3200-3700 cm™).
Inne inkluzje w kwarcu z okolic Jabtonki — Rabe (tzn. gtow-
nej strefy melanzu tektonicznego w Bieszczadach) wykazuja
obecnos¢ CH, (2914 cm™), CO, (1285 i 1388 cm™!) oraz N,
(2331 cm™') w réznych proporcjach (por. tez : Jarmotowicz-
-Szulc et al., 2012). W inkluzjach gazowych catkowicie nie-
wykazujacych fluorescencji stwierdzono tez sktad: CO, —
80%, CH, — 20% (fig. 3A, diagram — fig. 3D). W wyniku
badan widma Ramana ogétem uzyskano szczegdtowe dane
co do sktadu fazy gazowej w inkluzjach w kwarcu w Karpa-
tach. Wrostki te zawieraja lekkie weglowodory — metan
z domieszkami. Natomiast ci¢gzkie weglowodory (ropa) —
wykazuja fluorescencje, co na 0got uniemozliwia uzyskanie
miarodajnego widma Ramana (fig. 3C).

Inny typ inkluzji fluidalnych — tréjfazowych — zbadano
w kwarcu, tworzacym nagromadzenia zylowe w skatach
krystalicznych Wadroza Wielkiego i metamorficznych ska-

tach otaczajacych. Obszar badan znajduje si¢ na Dolnym
Slasku, w obrebie bloku przedsudeckiego i, jednoczesnie,
kompleksu kaczawskiego.

Badania przeprowadzono na spektrometrze Ramana
HORIBA JobinYvon LabRAM HR UV-VIS-NIR (o wyso-
kiej rozdzielczo$ci konfokalnej) w ramach szkolenia prze-
prowadzonego przez prof. Csaba Szabo w laboratorium In-
stytutu Geografii i Nauk o Ziemi (ELTE) na Uniwersytecie
w Budapeszcie (Eotvos University Budapest).

W krysztatach kwarcu o skomplikowanym, wielofazo-
wym rozwoju wystepuje zréoznicowany zespot inkluzji flu-
idalnych (fig. 1B). Sktad wrostkow okreslono za pomoca
badan mikrotermometrycznych. Na ogoét wypekia je solan-
ka, miejscami wystepuje tez zroznicowana domieszka gazu.
Temperatury przemian fazowych zmierzone podczas grzania
inkluzji zamrozonych do —196°C wskazywaty na skompli-
kowany sktad gazu, z dominacjg CO, i domieszka CH,, H,S
i N,. Analize ramanowska przeprowadzono celem potwier-
dzenia sktadu fluidu stwierdzonego badaniami mikrotermo-
metrycznymi.

Metoda Ramana w sktadzie gazu w badanych inkluzjach
stwierdzono dominacj¢ CO,, zawierajacego zréoznicowane
domieszki H,S, CH, 1 N, (fig. 3E). Nie stwierdzono obecno-
$ci innej fazy statej niz kwarc. Nie badano tez sktadu solan-
ki, poniewaz byl on okreslony na podstawie wynikow anali-
zy kriometryczne;j.

Sktad fluidu otrzymany metoda Ramana byl zbiezny
z wynikami badan mikrotermometrycznych, co tym samym
potwierdza prawidtowo$¢ metodyki zastosowanej do zbada-
nia inkluzji fluidalnych w kwarcu z Wadroza Wielkiego.

Podsumowujac, mozna stwierdzi¢, ze metoda badan wid-
ma Ramana jest komplementarna do badan mikrotermome-
trycznych. Mozna ja stosowac alternatywnie lub badaniami
ramanowskimi zastapi¢ cze$¢ pracochtonnych oznaczen na
stoliku zamrazajaco-grzewczym.
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