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1. Introduction

Raman spectroscopy provides vibrational fingerprints of chemical compounds, enabling their
unambiguous identification. The assignment of Raman spectra to minerals is straightforward,
if appropriate reference data are accessible. Modern couplings of Raman spectroscopy with microscopy
(Raman microspectroscopy) merge the high structural specificity with down to sub-micrometre spatial
resolution. In addition to the chemical identity of minerals, Raman spectra are affected by crystal
orientations (varying relative Raman band intensities); (sub)stoichiometric compositional changes
(e.g., in solid solution series), traces of foreign ions, and strain (the latter three shifting Raman
bands); and crystallinity (changing Raman band widths), enabling a comprehensive physico-chemical
characterisation of minerals (see Figure 1a) [1]. Thus, Raman spectroscopy—including its in situ
measurement capabilities—provides possibilities to study mineral paragenesis in natural samples and
in both ancient and modern man-made materials at the micrometre scale.
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1. Introduction 
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unambiguous identification. The assignment of Raman spectra to minerals is straightforward, if 
appropriate reference data are accessible. Modern couplings of Raman spectroscopy with microscopy 
(Raman microspectroscopy) merge the high structural specificity with down to sub-micrometre 
spatial resolution. In addition to the chemical identity of minerals, Raman spectra are affected by 
crystal orientations (varying relative Raman band intensities); (sub)stoichiometric compositional 
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bands); and crystallinity (changing Raman band widths), enabling a comprehensive physico-
chemical characterisation of minerals (see Figure 1a) [1]. Thus, Raman spectroscopy—including its in 
situ measurement capabilities—provides possibilities to study mineral paragenesis in natural 
samples and in both ancient and modern man-made materials at the micrometre scale. 

 
Figure 1. (a) Summary of chemical and physical properties of minerals that can be derived from 
Raman spectra using a 19th century cement mortar as an example. (b) Schematic of a Raman 
microscope with a dispersive spectrograph (figures are adapted from [1]; see reference for details). 
CCD, charge coupled device. 

Figure 1. (a) Summary of chemical and physical properties of minerals that can be derived from Raman
spectra using a 19th century cement mortar as an example. (b) Schematic of a Raman microscope
with a dispersive spectrograph (figures are adapted from [1]; see reference for details). CCD, charge
coupled device.
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Whereas in 1928, the first experimental evidence for inelastic light scattering was provided by
C. V. Raman and K. S. Krishnan using sunlight for excitation, filters for selecting the inelastically
scattered light, and their eyes for detection (later, photographic plates for acquisition of spectra were
employed) [2], modern Raman spectrometers make use of laser excitation, dispersive spectrographs,
and charge coupled device (CCD) detection (see Figure 1b) [3]. This Special Issue includes technological
developments and applications in the field of modern Raman spectroscopy of minerals in a broad
sense, from natural mineral deposits and archaeological objects to inorganic phases in man-made
materials. The studied minerals include fossil resins [4], typical rock-forming minerals (calcite, quartz,
forsterite) [5], iron-sulphur species (e.g., mackinawite) [6], a range of sulphates (gypsum, bassanite,
anhydrite III, anhydrite II [7]; celestine, barite [8]; ternesite [9]), as well as silicate minerals like garnets
(e.g., almandine) [10].

2. Technical Developments

At least in parts of six out of seven studies published in this Special Issue, Raman
micro-spectroscopy instruments according to the principle shown in Figure 1b were used [5–10].
Although only N. Böhme et al. made use of the full imaging capabilities of such instruments [9],
some groups employed Raman microscopes for performing in situ measurements in heating stages
developed for microscopic observation [7–9], and others needed the spatial resolution for specifically
choosing spots for single-point measurements within complex samples [6], including positioning
in three-dimensional space for identifying mineral inclusions [10]. These possibilities demonstrate
why microspectroscopy instruments have become relatively widespread in research laboratories
specialising in Raman spectroscopy. In the seventh study, B. Naglik et al. compared the performances
of portable and benchtop Raman spectrometers. Miniaturised dispersive spectrometers typically come
with trade-offs in sensitivity and spectral resolution, but their performance can be sufficient for many
applications, including the identification of minerals, as successfully demonstrated for the example of
fossil resins (see Figure 2) [4]. As more portable devices have become commercially available during
the last years, applications of Raman spectroscopy in field studies of geology, archaeology, and related
areas are expected to grow. Here, we would like to mention the first Raman device expected to land
on the surface of Mars as part of NASA’s Perseverance rover in 2021 [11], followed by the European
ExoMars mission [12]. In both cases, Raman spectroscopy will be used to study minerals and search
for potential organic molecules.
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Figure 2. Examples of Raman spectra of a fossil resin (from Sakhalin, Russia) collected with (A)
laboratory and (B) handheld equipment (figure from [4]; see reference for details).

In the context of making Raman spectrometers compact and mobile, the contribution by A.
Zettner et al. is of special interest, as it demonstrates the potential of spatial heterodyne Raman
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spectroscopy in the identification of minerals in rock samples and provides a comprehensive theoretical
introduction as well as the pros and cons of this interferometric/Fourier transform (FT) spectrometer type
(see Figure 3). Advantages over conventional dispersive spectrographs include high light throughput
and high spectral resolution even in compact and thus potentially mobile instruments. A. Zettner et al.
pre-characterised three rock samples with a research-grade Raman microscope and compared spatial
heterodyne spectroscopy (SHS) measurements with data obtained at the exact same sample spots by
employing a commercial dispersive handheld Raman instrument. SHS outperformed the dispersive
portable device and reached approximately the same spectral resolution as the benchtop Raman
microscope when using 300 mm−1 diffraction gratings in both configurations [5]. The potential of SHS
for mobile Raman spectroscopy was recently underlined by the presentation of a monolithic device of
about 35 mm linear dimension and less than 100 g weight by the group of S. M. Angel et al. [13].
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diffraction gratings replacing the mirrors of a Michelson interferometer (figure from [5]; see reference
for details). ZPD, zero-path-difference line along axis y.

The studies by L. Zhou et al. [8], T. Schmid et al. [7], and N. Böhme et al. [9] make use of the in
situ measurement capabilities of Raman spectroscopy by employing heating stages developed for
microscopic observation. While all three studies derive characteristics of thermal expansion or phase
conversions from single-spot temperature- and/or time-resolved measurements of minerals, N. Böhme
et al. additionally realised in situ Raman microspectroscopic imaging by fast mapping during sample
heating [9]. The same group introduced this approach in 2018 [14], successfully demonstrating its great
potential for studies of solid-state reactions, polymorphic phase transformations, or recrystallisation
processes at grain boundaries, and provided a detailed description of the technical workflow and
applications to sintering processes in [15]. Applications of in situ Raman spectroscopy and imaging
are detailed in Sections 4 and 5 below.

3. Mineral Identification

As mentioned above, Raman spectroscopy enables the unambiguous identification of minerals
based on spectral patterns, which are sometimes termed spectroscopic fingerprints because of
their specificity for a mineral type, its polymorphic form, and chemical composition [1]. Indeed,
correct assignment of the Raman spectrum of an unknown sample is only feasible if the fingerprints
of the potential suspects are known. Here, Raman spectroscopic database libraries come into play.
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Given the large number of Raman-active inorganic phases and organic molecules, such libraries can
never be complete and are often restricted to a certain class of materials. In the field of mineral
research, the most comprehensive and best known freely available collection of Raman spectra (in many
examples combined with X-ray diffractograms and infrared spectra) can be found on the website
of the RRUFF project (http://rruff.info) [16]. The database contains a few thousands of minerals,
can be used to search for mineral names as well as chemical compositions, and the spectra can
be viewed and rescaled on the website as well as downloaded in an ASCII text format. The latter
feature is very valuable as it enables direct matching with own data. Further, less comprehensive
spectra collections also offering this option are the Handbook of Raman Spectra for Geology hosted at
École Normale Supérieure de Lyon (http://www.geologie-lyon.fr/Raman/)—also including a search
option for wavenumbers—and the Raman Open Database (ROD) initiated within a European
collaboration (https://solsa.crystallography.net/rod/), cross-linking Raman with crystallographic
data [17]. An interesting addition is the collection of Selected Raman Spectra of Minerals provided by
Institut für Mineralogie und Kristallographie at the University of Vienna, owing to the grouping of
minerals into, for example, oxides, sulphates, and carbonates, although unfortunately, spectra can only
be downloaded in PDF format (https://www.univie.ac.at/Mineralogie/Raman_spectra_engl.htm).

When, because of the complexity of a mineral class or because of shifted bands as a consequence
of intermediate chemical compositions in solid solution series, the matching with database spectra
reaches its limits, literature data are often the basis for mineral identification. Here, we would
like to draw the reader’s attention to a little collection of publications beyond this Special Issue,
which we can recommend for the interpretation of the Raman data of some groups of minerals.
Silicates are the most widespread and complex group of minerals found in the Earth’s crust and
mantle. In an extensive article, A. Wang et al. provide a valuable introduction into the Raman spectra
of silicates and describe spectral features enabling their classification according to their degree of
polymerisation [18]. The article focusses on phyllosilicates, which are sub-divided according to their
layer sequences and Raman spectra, and in the case of the biotite series, between the end members
phlogopite (KMg3[AlSi3O10](OH)2) and annite (KFe3[AlSi3O10](OH)2), an example for the correlation
between Raman band wavenumbers and chemical compositions is given. Further knowledge on
the broad field of silicates is added by studies specialising in selected mineral groups. For example,
the olivines forsterite (Mg2[SiO4]) and fayalite (Fe2[SiO4]) and the according solid solution series have
been extensively studied. T. Mouri and M. Enami studied the correlation of the type of olivine or the
magnesium content within the forsterite-fayalite series with the positions of the two most prominent
Raman bands of these nesosilicates [19]. L. B. Breitenfeld et al. evaluated the latter by additionally
using multivariate data analysis [20], and H. Ishibashi et al. quantitatively studied the effect of crystal
orientations on the relative Raman band intensities of a forsterite-fayalite olivine [21]. As another
group of nesosilicates, garnets in a study by D. Bersani et al. were shown to be classifiable according to
their molar compositions and crystal lattice parameters by evaluating their Raman band shifts [22].
Moving on to tectosilicates, a pioneering study on the classification of feldspars was published by
T. Mernagh in 1991 [23], a co-author of a contribution to this Special Issue [8]. A very comprehensive
article including the spectra of a large number of feldspars, and correlations between Raman shifts and
compositions of the solid solution series albite-orthoclase (Na[AlSi3O8]-K[AlSi3O8], alkali feldspars),
and albite-anorthite (Na[AlSi3O8]-Ca[Al2Si2O8], plagioclase feldspars), as well as of ternary feldspars
in both diagrams and tabulated data, was published by J. J. Freeman et al. [24]. A detailed study of
compositionally induced band shifts in plagioclase was presented recently by D. Bersani et al. [25],
and K. S. Befus et al. investigated the pressure dependence of these bands as potential magmatic
thermobarometers [26]. Silicates play an important role in cement chemistry, and our recommended
read as an introduction to the Raman spectroscopy of cementitious materials is the comprehensive
review article by L. Black from 2009 [27]. In this context, we also would like to mention our study on
the phases of the lime cycle, which includes reference spectra of a characteristic luminescence emission
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observed in the Raman-inactive burnt lime CaO and of the Raman scattering of portlandite (Ca(OH)2,
slaked lime) and calcite (CaCO3) [28].

The present Special Issue adds some more reference spectra to this collection. The article by
Schmid et al. contains a comprehensive comparison of the Raman spectra and band positions of the
four phases of the CaSO4–H2O system stable at room temperature: gypsum (CaSO4·2H2O), bassanite
(CaSO4·

1
2 H2O), anhydrite III (γ-CaSO4), and anhydrite II (β-CaSO4) (see Figure 4a) [7]. Especially in the

cases of bassanite and anhydrite III, the presented spectra are the most complete examples found
in the literature so far, which can be explained by difficulties in their measurements arising from
auto-fluorescence emission and the instability of the latter with respect to its reaction with air humidity,
whereas for comprehensive theoretical and practical investigations of the Raman spectra of gypsum
and anhydrite II, we would like to draw the reader’s attention also to the pioneering studies of
B. J. Berenblut et al. from the early 1970s [29,30]. The article by S. Kos et al. provides interesting
reference data for Raman studies of garnets [10]. Its introduction section is our recommended read for
researchers interested in the different types of garnets [31,32] found in late-antique to early-medieval
jewellery, and the results section provides Raman spectra of different compositional groups of
almandine (Fe3Al2[SiO4]3) garnets (types I and II according to [31], see Figure 4b) and their inclusions.
Furthermore, Raman spectra of minerals acquired at elevated temperatures can be useful reference
data in high-temperature studies and are included in this Special Issue for anhydrite II (β-CaSO4) [7],
celestine (SrSO4), and barite (BaSO4) [8].
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4. Basic Mineral Research

Beyond the mineral type and chemical composition, Raman spectra can be affected by some of
their physico-chemical properties. The present Special Issue includes two studies of physical properties
further than the examples summarised by Figure 1a. L. Zhou et al. acquired the Raman spectra of
celestine and barite in the temperature range of 25 to 600 ◦C (see Figure 5) and evaluated the changes
of wavenumber positions and widths of their Raman bands, enabling the study of the anisotropic
thermal expansion and the calculation of isobaric and isothermal mode Grüneisen parameters as well
as anharmonicity parameters. The results suggest a lower thermal expansion along the a and b axes,
and less sensitivity of S–O and S–O–S distances and angles to pressure and temperature increase as
compared with M–O bonds (with M = Sr or Ba) [8].

The contribution by Schmid et al. extends these data towards calcium—another neighbour in the
periodic table of elements—and presents temperature-dependent spectra of anhydrite II (β-CaSO4,
AII). With respect to AII, this study focusses on changes of physical properties depending on the
calcination temperatures applied in its synthesis. After calcination of gypsum at burning temperatures
increasing from 300 to 1100 ◦C, the room-temperature Raman spectra of the resulting AII show
a growing crystallinity revealed by narrowing of Raman bands and the healing of crystal lattice defects
demonstrated by bleaching of auto-fluorescence. In accordance with tests of hydration reactivity,
the results suggest replacement of the classical threefold sub-division of AII by the proposed sub-phases
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“disordered AII” and “crystalline AII”. The Raman data reveal a transition temperature from reactive
disordered AII to almost inert crystalline AII of 650 ◦C ± 50 K [7].Minerals 2020, 10, x FOR PEER REVIEW 6 of 9 
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5. Applications

The studies by B. Naglik et al. [4] and M. Monachon et al. [6] make use of the possibilities of
Raman spectroscopy to study both inorganic phases and organic molecules. The Raman spectra of
fossil resins consist of bands representing the typical vibrational modes of organic molecules, such as
C–H bending and C=C stretching vibrations (see Figure 2). Fossil resins of various ages, botanical
sources, geological environments, and provenances were characterised [4]. As resin maturation is
typically accompanied by a loss of non-aromatic unsaturation during the aromatisation of penta- and
hexacyclic rings in terpenoids, previous studies suggested the ν(C=Cnon-aromatic)/δ(C–H) intensity ratio
as an age indicator [33]. B. Naglik et al. demonstrate that this does not hold true for all fossil resins,
because geological conditions such as volcanic activity and/or hydrothermal heating might accelerate
maturation processes [4].

M. Monachon et al. [6] used infrared and Raman spectroscopy to assess the efficiencies of different
biological (Thiobacillus denitrificans and desferoxamine) and conventional chemical methods applied
for extracting harmful Fe/S species inducing degradation processes in archaeological waterlogged
wood samples. Both vibrational spectroscopies are sensitive to organic and inorganic compounds and
were used to trace potential damage to the wood as well as the presence and removal of Fe/S species,
such as elemental sulphur and partially oxidised mackinawite (Fe1–xS). Reduced sulphur compounds
were not identified anymore after biological treatment, whereas sulphur was still present for fresh
and lake pine wood after chemical treatment (see Figure 6). Both treatments appeared to be quite
smooth as no further wood degradation was observed [6]. In the same context of characterisation and
conservation of historical objects and materials, the comprehensive study of garnets in late-antique
jewellery from the Roman, Lombardic, and Ostrogothic archaeological site Lajh (Kranj, Slovenia) by
S. Kos et al. [7] has to be mentioned. Raman spectroscopy of garnets and their inclusions indicated their
assignment to type I and II garnets (almandine) [31] most likely originating from India, thus excluding
other potential provenances, such as Sri Lanka, Bohemia, Portugal, or East Africa [10]. We would like
to also mention the article on the CaSO4–H2O system in this context [7], because it is partially based on
previous research on high-fired medieval gypsum mortars by the same team [1,34,35].
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N. Boehme et al. [9] and T. Schmid et al. [7] applied in situ Raman spectroscopy to monitor mineral
parageneses during calcination. T. Schmid et al. studied the reaction kinetics of gypsum–bassanite–
anhydrite III conversions with a time resolution of 30 s at a constant temperature of 120 ◦C, and found
that reaction rates are strongly affected by water vapour transport, and thus—like in a physical drying
process—depend on parameters further than the calcination temperature [7]. N. Böhme et al. studied
the decomposition of ternesite (Ca5[SiO4]2SO4) into the high-temperature form of the cement clinker
phase dicalcium silicate (α’l-Ca2SiO4), which, with a heating rate of 10 ◦C/h, happened between
730 ◦C and 1120 ◦C. By in situ Raman microspectroscopic imaging, the authors were able to follow
the solid-state reactions in the model system CaO–SiO2–CaSO4 (see Figure 7). Both ternesite and
α’l-dicalcium silicate were found to co-exist at high temperatures, and crystallisation of either or both
during quenching to room temperature depends on the reaction progress and possibly on the gas
fugacity and composition in the furnace [9]. This study applies the recently developed experimental
approach of in situ Raman microspectroscopic imaging [14,15] to a modern and industrially relevant
mineral-related problem. Therefore, and because of the high scientific quality, it became the Editor’s
choice article of this Special Issue.
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