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Abstract: This work presents a new discussion about the vibrational properties of the carbonate ion
displayed in several different environments, not only the microparameters introduced by cation
substitution and different crystal lattices but also the crystal aggregation, showing how their active
Raman modes are affected by these changes by using data obtained with four different laser
excitation sources. New Raman spectra excited at 1064 nm are reported for calcite, aragonite, and
dolomite groups, also including magnesite, witherite, rhodochrosite, siderite, malachite and azurite.
These new data contribute to the discussion and understanding of these materials and their spectra,
bringing new observations based on the Raman modes, focusing on the internal symmetrical and
asymmetrical stretching and bending modes of the carbonate ion, highlighting the differences
observed in the relative intensity and width of the bands. The results indicate some evidence of the
influence of the crystal habit and/or the growth of the mineral itself in the Raman spectrum. In
addition, the data show the influence of the cation substitution upon the Raman band width and
that small cations contribute to less rigid crystalline structures and, consequently, larger Raman
bandwidths.

Keywords: carbonate minerals; calcite; aragonite; magnesite; dolomite; raman spectroscopy

1. Introduction

Common carbonate minerals can be classified into four groups: the calcite group, the dolomite
group, the aragonite group, and an OH-bearing group. The first two are comprised of minerals with
a rhombohedral structure, the third is of minerals with an orthorhombic structure, and the last one is
comprised of minerals with a monoclinic crystal structure [1]. The idea of a periodic crystal structure
comes from observing the faces and cleavage of crystals, that arise from the bonding forces between
atoms [2]. In 1773, Bergmann studied the regular cleavage of calcite and suggested that small
fragments could be the building blocks of crystals, and in 1824, Ludwig August Seeber introduced
the term "lattice" for a periodic structure where each point has the same environment and orientation
[2]. The unit cell is a parallelepiped formed by eight lattice points, the crystal structure is the atomic
arrangement within it and the macroscopic crystal is made by repeating the unit cell [2].

The four carbonate groups differ in themselves not only because of their crystal structures, but
by the cations present in the chemical composition [1]. Comparing the calcite and dolomite groups,
the main difference between these minerals is that the first one is composed of carbonate ions
associated with only one type of cation, while the second is composed of carbonate ions associated
with more than one cation, maintaining the rhombohedral structure [3-5]. For these two groups, the
structure is based upon alternating layers of carbonate ions and cations, comprising planes of
carbonate ions parallel to planes of cations [6]. The position of the carbonate is repeated every six
layers due to its triangular geometry and the 6-fold coordination of the cations [1]. For dolomite, the
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cation layers are alternating, that is, Ca? and Mg? fill alternating planes separated by planar
carbonate groups [3-8].

Generically, the orthorhombic structure is favored for cations whose radius is larger than 1.1 A
in octahedral coordination, and the rhombohedral structure is favored for smaller cations [1,2,6]. Ca2
has an ionic radius of 1.14 A in octahedral coordination, so it can provide minerals in both structural
cases [1,6]. That is also the case for the aragonite group. When exposed to high pressure, calcium
carbonate is formed like aragonite, as an orthorhombic polymorph [6].

A characteristic feature of crystals is ““directionality’’: specific directions in crystals are inherently
different, and these differences are implicit in the lattice structure [1,2]. If the growth velocity were
equal in all directions, crystals would occur as spheres [2]. Instead, they display a regular morphology
with planar surfaces [2]. Crystal growth leads to various crystal morphologies expressed by specific
combinations of crystal forms and states of aggregation that reflect the kinetic conditions [2].

The morphology and state of aggregation depends on the nucleation rate, the number of
nucleation sites and on the growth rate [2]. All of these are complicated functions of many parameters,
including temperature, chemical composition, trace amounts, and defects in the crystal structure, and
in most cases, the relationships are not very well known [2]. The external appearance of a crystal, its
combination of crystal forms, and the relative development of these forms are collectively called the
crystal habit [1,2]. Even though the complexities of crystal growth processes lead to morphologies
that are not perfect regular polyhedral, there is nevertheless a characteristic shape to many minerals,
and it is used in mineral identification [2]. The same mineral may occur with an equant, acicular or
fibrous habit, depending upon the conditions under which it grows [2].

Raman spectroscopy has proved to be a very powerful characterization technique for carbonate
minerals in different kind of samples and for many purposes [3,9-45]. For the thombohedral groups,
COs? has five Raman active modes: three internal modes of COs> and two external vibrations of the
crystal lattice [9]. For the orthorhombic minerals (aragonite group), there are thirty Raman active
fundamental phonons [13,20,21]. The vibrational modes of carbonate ion are directly affected by all
these changes in the environment, not only within each of the groups, but also seen as changes
between the groups.

In this work, a discussion of the vibrational characterization for the carbonate ion is presented,
featured in several different environments, not only the microparameters such as cation substitution
and different crystal lattice, but also the crystal aggregation. The focus of this work is in the three
main regions of the internal modes of the carbonate ion: 1420 to 1460 cm corresponding to the
asymmetrical stretching mode, 1060 to 1090 cm™ corresponding to the symmetrical stretching mode,
and 700 to 740 cm™ corresponding to the bending mode. Also, the use of different laser lines for
excitation, showing how their Raman modes are affected by such changes, using data obtained with
1064 nm excitation (an interferometric instrument), and visible laser lines (785, 632.8 and 532 nm,
from a dispersive system). Finally, it is discussed how these data can assist in the presentation of a
different approach for the Raman analysis of some important carbonate minerals.

2. Methods

A total of 20 samples of different carbonate minerals were analyzed. Some of these samples were
donated by the Centre of Mineral Technology (CETEM, Rio de Janeiro, Brazil), others were purchased
from specialized mineral stores. With the object to compare the behavior of the samples in different
conditions and using different excitation sources, a Bruker FT-Raman spectrometer was used, with
an excitation line of 1064 nm and 500 mW of power and with 1 cm of spectral resolution and 512
accumulated spectra. A Brucker SENTERRA Raman dispersive spectrometer was also used, making
use of 785, 632.8 and 532 nm lasers as excitation sources, a spectral resolution of 3 cm!, 10 seconds of
spectral accumulation and 10 spectra in addition, using 100mW (785 nm) and 20 mW (632.8 and 532
nm) of laser power at the sample. All spectra were obtained at least twice for each sample to avoid
thermal or photochemical damage, comparing the position and intensity for each one of the Raman
bands in the spectra. All the samples were also submitted to analysis by energy dispersive
spectroscopy (EDS) coupled to a Hitachi 3000 tabletop scanning electronic microscopy instrument,
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and the results are presented in Figures S1 to S30. The samples were placed directly on the sample
compartment in the instrument, without any pre-treatment being undertaken.

3. Vibrational Analysis

The results and discussion in this work will be based on the similarity of structures and crystal
parameters for the investigated series. Further details will then follow on the Raman spectrum of
each mineral, exploring the behavior of the structure and chemical bonds against the interaction with
the excitation source under different spectral conditions. The primary goal of this work is the clearer
understanding of the vibrational modes of COs?.

In the calcite group, classified as thombohedral minerals, there are 27 vibrational modes:

['= Ay + 243, + 34,4 + 345, + 4E, + 5E, (1)

Five of these 27 vibrational modes are Raman active, and the carbonate ion presents three main
vibrational modes: one near 1400 - 1450 cm, related to the asymmetrical stretching of the C-O bond
(Eg symmetry), one around 1080 cm related to the symmetrical stretching of the C-O bond (Aig
symmetry) and one around 700-750 cm! related to the COO bending mode (E; symmetry); the other
two Eg modes correspond to libration and translation lattice modes [9].

In the aragonite group, classified as orthorhombic minerals, there are 57 vibrational modes:

T =94, + 6A, + 6By, + 8By, + 9B,  + 5By, + 6B, + 8Bs, @)

Thirty of these modes are Raman active, and for the internal modes of carbonate ion there are
seven vibrational modes: one near 1450 - 1460 cm™, related to the asymmetrical stretching of the C-O
bond (B1g symmetry), one around 1080 cm! related to the symmetrical stretching of the C-O bond (Ag
symmetry), and three around 700-720 cm! related to COO bending mode (two with Bs; and one Ag
symmetry); in addition, one mode occurs around 800 cm, with Ag symmetry, which is not observed
at room temperature [13]. The other twenty-three modes correspond to lattice modes of the
orthorhombic structure [13].

Similar to calcite, for dolomite, which is also a rhombohedral mineral, there are calculated 18
vibrational modes:

[ = 4E, + 44, + 5E, + 54, 3)

Eight of these modes are Raman active: the asymmetrical stretching of the C-O bond (Eg
symmetry), appears around 1440 cm; the symmetrical stretching of the C-O bond (Ag symmetry),
appears around 1100 cm, and for the COO bending mode, there are two bands with E; and A,
symmetries, appearing around 720 and 880 cm, respectively. All the other vibrational modes
correspond to lattice movements [3,4,10,33].

The azurite (monoclinic mineral) Raman spectrum can be divided into three types of modes: the
COs?> , OH- and Cu-O modes [16,43]. Taking into account only the carbonate ions in the azurite
structure, there are 24 vibrational modes:

I'= 64, + 6B, + 64, + 6B, )

where 12 of these modes are Raman active. For the asymmetrical stretching of the C-O bond,
there are three bands, observed at 1416 cm (Ag symmetry), 1428 cm™ (Bg symmetry), 1456 (Ag
symmetry). For the symmetrical stretching of the C-O bond, there is one band at 1094 cm™ (As
symmetry), and for the COO bending mode, there are four bands at 740 cm™! (B symmetry), 763 cm-
1 (Ag symmetry), 814 cm™ (Bg symmetry) and 837 cm? (Ag symmetry) [16,43].
Further, for malachite (a monoclinic mineral) there are 15 vibrational modes:

I'=34, + 1B, + 1B, + 1Bs, + 3B, + 3By, + 3Bs, (5)

Associated with the internal modes of carbonate ion, there are six Raman active modes. For the
asymmetrical stretching of the C-O bond, there are two bands at 1460 cm™ (Bg symmetry) and 1490
cm (Ag symmetry). For the symmetrical stretching of the C-O bond, there are two bands at 1066 cm-
1 (Ag symmetry) and 1100 cm™ (Bg symmetry), and for the COO bending mode, there are three bands


https://doi.org/10.20944/preprints202309.1379.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 September 2023 doi:10.20944/preprints202309.1379.v1

which can be seen at 719 cm! (A symmetry), 750 cm? (Bg symmetry), and 818 cm™? (Ag symmetry)
[43].

4. Results and Discussion

As said before, this work reports new data for the Raman spectra of some carbonate minerals
using 1064 nm excitation with a spectral resolution of 1.0 cm. Figure 1 shows the data for one sample
of each mineral. The information about the samples and the results for EDS analysis can be seen in
the supplementary material. For siderite, azurite and malachite it was not possible to obtain the
Raman spectra for 1064 nm excitation. Siderite shows a bigger interference of thermal background,
whereas azurite and malachite show photothermal decomposition, even with very small incident
laser power. For a better understanding of the related parameters, the discussion will follow
considering each one of the main vibrational modes for the carbonate ion: symmetrical, asymmetrical,
and bending modes.

v (CGO) V(GO 8(0-C-0) (@)

asym a )h
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L K
|
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Figure 1. Raman spectra for one sample of each studied mineral in 1064 nm excitation source, calcite
(a), aragonite (b), dolomite (c), magnesite (d), rhodochrosite (e) and witherite (f).

Two parameters can be investigated when we compare samples of the same mineral and the
minerals themselves: the shift of the Raman band, caused by the cation substitution and the intensity
of the Raman bands. For the first parameter the chemical composition and the presence of different
cations in the structure must be considered but for the relative intensity of the bands some other
variables must also be considered. Since the relative intensity of a band is influenced by the optical
orientation of the crystals, the comparison between the spectra will be made by using as reference
modes the ones from the same symmetry. For example, in calcite group, the asymmetrical stretching
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and the bending modes of COs?* belong to the same symmetry (Eg), so the differences in relative
intensity must be made using this reference, since both modes are affected in the same way by the
optical orientation. For spectra obtained using FT-Raman (1064 nm), the Ge detector shows the same
response in the whole spectral range, so that comparison between the relative intensity of the Raman
modes considering the same symmetry can be made also including the low wavenumber region
frequencies. For the other lasers (dispersive instrument), the standard comparison must be more
cautious because the CCD detector does not show the same response for all the spectral range, mainly
for the 785 nm laser source.

The first observation to be made concerns the shift observed for the vibrational mode, which is
already known in the literature: for cations bigger than calcium, the Raman band shifts to a lower
wavenumber (witherite), and for cations smaller than calcium, the Raman band shifts to a higher
wavenumber (magnesite) [9]. Thus, the smaller the cation, the greater the electron density in the
region, which can lead to an increase in the value of the bond strength force constant. For
rhodochrosite (MnCOs) and siderite (FeCO:s) this pattern has not been observed, since the presence
of the half-filled d orbital for the transition metal ions can create a different influence, explained by
the additional and more concentrated negative charge located at the transition metal ions, since they
are cations with a smaller radius than calcium, then leading to the opposite effect
[26,28,31,34,38,39,42]. Such changes were studied previously by Zhang and collaborators, showing
that the substitution of calcium ions by a transition metal cation leads to differences in the vibrational
properties [42], such as shifts to lower wavenumbers for the symmetrical vibrational modes. In the
dolomite spectrum, the band shift to a higher wavenumber should be less than that expected for a
total replacement (which can be seen in the case of magnesite), due to a partial replacement of calcium
for magnesium ions. This shift is observed for all Raman bands, except for the symmetric stretching
of the carbonate ion; it is important to understand that the partial cation replacement leads to a loss
of symmetry in the crystal lattice unit cell, as observed in the case of dolomite and predicted by the
theoretical approach [3,4,10,33].

It is significant to point out the differences in the band widths for the stretching modes. Calcite,
aragonite and witherite present the narrowest bands, while dolomite and siderite are intermediary,
and magnesite shows the widest bands. Comparing the spectra for different samples, the bands show
similar band widths for the same minerals, implying that this is a characteristic derived from the
mineral unit cell and cannot be associated with macroscopic parameters such as the crystal
aggregation in the sample or even the anisotropy. The width of a Raman band can be associated with
small variations in the transition energy values associated with the vibrational modes, in addition to
other parameters. Based on thermodynamic parameters, the bandwidth can be interpreted as a
consequence of the entropy; therefore, it is possible to propose that the replacement of the calcium
ion by smaller cations, leads to a broadening of the Raman band. This fact can be understood mainly
for cations of similar electronic charge, such as magnesium, in the rhombohedral system. This
replacement also allows the thermodynamic and entropic variation of the transition energy value of
the vibrational mode, then a combination of several different factors influencing the broadening of
the Raman band. Some previous studies have shown that positional disorder of carbonate ions creates
a broadening of the Raman band, a parameter that can also be interpreted as a consequence of the
smaller crystal size of biogenic Mg-calcite, for example [30,37]. In this specific case, the greater degree
of disorder associated with a higher Mg content may be responsible for a higher chemical reactivity
during diagenesis [30,37]. The proposition of this work follows the same theory. Figure 2 shows that
observation, using as an example the 633 nm Raman spectra.
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Figure 2. Raman spectra for the stretching mode at 633 nm excitation source for calcite, dolomite and
magnesite.

The crystal optical orientation is a crucial parameter in the recording of the Raman spectrum.
There are two main parameters that contribute to the intensity of a Raman band, the frequency of the
excitation source and the polarizability tensor. For crystals, the incident angle of the laser source
favors some symmetries, making the relative intensity of the Raman band variable depending upon
the crystal optical orientation. For raw minerals, the crystal aggregation characterizes an anhedral
system, so different crystals with different orientations contribute to the scattering and to the intensity
and width of the Raman band. If in the crystal growth process of a mineral there is more available
space, when compared to another with space restriction or even a high-pressure condition, there will
be a variation in energy associated with the vibrational modes of chemical bonds, which may be
greater for the mineral that presents less restriction, leading to an oscillation in the relative intensity
of the Raman band. Such differences are observed by the growth of different mineral habits and are
affected by temperature, pressure, concentration etc. For example, calcite crystals grown in the
presence of an excess of Ca?* ions exhibit an elongated habit, whereas with an excess of COs? ions the
habit varies from thick to fine tabular [46]. These differences in the crystal habit for rhombohedral
calcite allows us to identify how old a mineral is, based on the morphogenetic Kalb’s order, that
proposes the observation of some pattern for crystal growth in some cases, allowing the identification
of which crystal was formed first [46]. Based on the bandwidth comparison discussion, it is important
to emphasize that the observation can be made for all the samples of a same mineral, i.e., bandwidth
is the same for all the samples of a same mineral. Then, the parameter is an intrinsic property of the
composition and not a consequence of the measurement conditions or minimal differences between
the samples.

For comparison purposes, as said before, the intensities of the Raman bands were normalized
using modes of the same symmetry. Then, for the calcite samples, fixing upon the asymmetrical
stretching intensity, differences can be observed in the relative intensity of the bending mode. In
addition, all samples are raw anhedral minerals which makes it possible to disregard the crystal
orientation influence upon the Raman band intensity, at least for 1064 nm excitation, where the laser
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spot over the sample area is big enough to include diverse crystal units in several orientations and
the Raman spectrum then is an average of all the orientations over the sample spot region. As can be
seen in the Raman spectra, the asymmetrical C-O stretching mode is relatively weak and in some
cases, depending on the quality of the spectrum, can be imperceptible for some carbonate minerals.
In such cases, it is possible to compare the relative intensity based on the low wavenumber region
frequency, since the parameters of instrumental response previously discussed do not interfere in the
analysis. Normalizing the asymmetrical stretching, some small differences are observed in the
relative intensity for the calcite samples (Figure 3). The major difference between the samples is the
crystal habit (a macroscopic visual parameter) of the mineral and its visual color. It is difficult to
suggest that the data obtained are influenced by the presence of very small quantities of different
cations and the intensity of the Raman band can be more easily associated with the permissibility of
the motion, which can be related to the available space, in other words, the ease of performance of
the vibrational movement when the chemical species are in these particular chemical environments.
It is interesting to point out that the euhedral system (Sample A) does not show the higher relative
intensity.

—— Sample A
—— Sample B
Sample D Vsym (CO)
——Sample E
5(0C0)
Vasym (€O J L A
R N—
14I00 12I00 10I00 8(I)0 600
Wavenumber (cm™)
—— Sample A —— Sample A
Sample B " Sample B
—— Sample D CO —— Sample D 5(060)
— Sample E Vasym (€O — Sample E

T T T T T T T T T T T T T
1470 1460 1450 1440 1430 1420 1410 1400 730 725 720 715 710 705 700
Wavenumber (cm™) Wavenumber (cm™)

Figure 3. Raman at 1064 nm excitation source for calcite samples A, B, D and E. Sample C was omitted
due the poor signal/noise ratio.

Figure 4 shows the MEV images of the samples to illustrate their different textures. The main
difference observed in the MEV images for calcite samples is the changes in depth and the cleavage
marks. Comparing the sample with higher value of relative intensity, sample A, and the sample with
the lowest, sample A, more evident marks of different depths are observed and the straight lines of
crystal growth are seen for sample A, while sample D shows smooth variations of depth and almost
no straight lines of crystal growth.
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Figure 4. MEV images for calcites samples A, B, C, D and E at one of the two regions analyzed.

These first observations are very small and there is a need for more samples with crystal habit,
but the analysis is also limited by the vibrational modes and the number of bands that are available
for comparison. In the aragonite case these relations will be more evident.

This approach can be made comparing samples of the same mineral but also for samples of
different minerals, wherein we can consider a cation substitution; Figure 5 shows a comparison
between calcite, magnesite and dolomite using the C-O bending mode as a reference. There are some
observations that can be made here : dolomite exhibits the higher intensity for the asymmetrical
stretching and this is different from the stretching modes, the bending mode is shifted in the order of
wavenumber §(0C0)ygco, > §(0C0)camg(cos), > 6(0CO)cqco,; the differences between the T and L
modes in the low wavenumber region are also noteworthy ; the shift caused by the cation substitution
is the same observed in the bending mode, however, the intensity of the L mode compared to the T
mode is greatest in the magnesite spectrum. The decrease of symmetry in this case (when comparing
dolomite, calcite and magnesite) affects differently each Raman mode; considering that the dolomite
structure is the less symmetric of the three minerals, it is also the one that exhibits the highest intensity
for the asymmetric stretching mode. Magnesite, on other hand, has the same symmetry as calcite but
the structure is more flexible due the smaller cation, so we can observe wider bands. Lastly, the
increase in intensity from calcite to magnesite is really noteworthy and can be associated with the
permissibility of the movement, since these modes are correlated to collective vibrational movements.
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Figure 5. Raman spectra at 532 nm for calcite, magnesite and dolomite.

For the aragonite samples, the symmetrical stretching mode at 1086 cm™ has the same symmetry
as the bending mode at 705 cm™ (Ag). Hence we can make a comparison between the relative
intensities of the aragonite modes for the three samples using four different normalizations, one for
each vibrational symmetry. Figure 6 shows the spectra for all the aragonite samples at 1064 nm for
each Raman mode. Normalizing to the vsym(CO), there can be seen differences in the intensity of the
705 cm? band. The samples do not show any trace of a different cation (according to the EDS analysis,
Figures S1-S30); The spectra in Figure 6 are normalized to the Ag symmetry, so here it is possible to
compare the changes in the bands related to that symmetry: 1086, 705, 217, 164 and 145 cm.
Curiously, the aragonite samples show differences in the bandwidth only for the symmetrical
stretching: for sample C the band is narrower than the band for samples A and B. The 705 cm! relative
intensity increases in the order C<A<B, but for the Agmodes in the low wavenumber region do not
change at all. Normalizing by other symmetries, for Big for example, it is possible to compare the 1462
and 155 cm™ bands and normalizing to the 1462 cm™ band an increase in intensity for the 155 cm!
band can be observed. Normalizing the Bz (717, 208 and 182 cm) bands or Bsg symmetry (701 and
193 cm ! bands), no difference is observed, which is the expected behavior according to the theory.
The differences observed for the relative intensities are small, but we can suggest that two modes are
affected: the symmetrical Ag mode and the Big mode. The Raman data strongly suggest the same
approach that was used for the calcite samples, i.e. the relative intensity of the Raman band is being
influenced by the crystallization degree of the mineral samples or, similarly, to the arrangement of
the crystal growth/habit. The spectra using the Big, Bzg, B3z modes can be seen in the Figure S30 in the
supplementary material.
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Figure 6. Raman spectra for aragonite samples A, B and C at 1064 nm excitation source, normalized
by the Ag mode at 1086 cm™. The symmetry of each mode presented was based on De La Pierre and
collaborators” work [13].

Dolomite samples show the same Raman shift for all the carbonate modes despite their variable
elemental composition, in agreement with the literature as previously suggested [reference].
Comparing the relative intensities (Figure S31), the differences are largest for the external modes,
mainly for the T mode. A shoulder at the symmetrical stretching mode (Figure S32) for all the samples
is seen at 1078 cm'. An important reference work for the dolomite Raman spectra in the literature
was published by Farsang and collaborators, the same shoulder is also observed for their sample,
which implies that this information is intrinsic to the dolomite structure [11]. This Raman mode is
not predicted theoretically and an explanation is that it would arise from the possible appearance of
different carbonate species in the solid state due to different chemical interactions with the
magnesium and calcium ions in the structure. For magnesite samples (Figure S33), of the Eg modes,
only the L mode changes from sample A to B, but this is not a significant observed change.

Comparing aragonite and witherite, normalizing the spectra to the Big symmetry mode, almost
no difference is observed between the bands in the spectra. For the Ag symmetry, normalized to the
symmetric stretching mode, the bands at 145 and 164 cm! (in aragonite) are shifted to 136 and 160
cm!, respectively (in witherite), and show an increase in the relative intensity when compared to the
bands of same symmetry in the spectra of the two minerals. For the band at 217 cm, the shift is to a
high wavenumber in witherite (225 cm), but the intensity is almost the same. For the Bzg symmetry,
normalized to the bending mode (717 in aragonite and 700 cm in witherite), both bands decrease in
relative intensity in the witherite spectrum, but the one at 182 cm is shifted to a low wavenumber
(180 cm!) in witherite, whilst the 208 cm™ band is shifted to a high wavenumber value (218 cm). For
the Bsg symmetry, normalized to the bending mode (703 in aragonite and 690 cm! in witherite), the
193 cm' band is shifted to 196 cm and decreased in relative intensity. Figure 7 show the spectra at
1064 nm for the Ag normalization, the other symmetries are shown in Figure S34. The explanation
here follows the idea of the «cation substitution discussed previously in the
Calcite/Dolomite/Magnesite case. The COs* internal modes are shifted to a low wavenumber due the
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increase of the cation ratio. The same pattern is not observed for the external modes that also show
changes in the relative intensities of the bands. The limited number of samples precludes a better
understanding of the structure of witherite, but it is possible to affirm that these changes in the
relative intensity are clear enough to be classified as an intrinsic characteristic of witherite.

—— Aragonite
Witherite
N Vsym (co)
/ A
// )
/
// \0
/
J N\
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Wavenumber(cm'")
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Figure 7. Raman spectra for aragonite and witherite samples at 1064 nm excitation source, normalized
by the Ag mode.

For azurite, the Raman spectrum shows a set of Raman bands assigned to the carbonate ion
asymmetric stretching mode (Figure 8). There are three bands: 1457, 1427, 1419 cm™ for spectra with
633 nm excitation. For 532 nm excitation, an additional band is observed at 1492 cm-!. Fundamental
changes in the relative intensity of these bands are observed when the excitation source is changed,
not only between these three bands, but also when they are compared to other bands in the spectrum.
The data strongly suggest a resonant Raman effect is in operation, but the sample is sensitive to two
of the four available excitation wavelength sources used in this work and new and more refined data
to contribute to a Raman profile are required. Curiously, it is observed that the asymmetrical
stretching became more intense than the symmetrical stretching; the reasonable explanation would
be this chemical system has an electronic excited state which is degenerate, leading to a change of the
polarizability according to Albrecht’s approach [47]. For malachite, three bands are observed at 1364,
1460 and 1490 cm™ (Figure 8). With 633 nm excitation, the band at 1460 cm™ is very weak, but the
bands at 1364 and 1490 cm™ have a greater intensity. For 633 nm excitation, the band at 1490 cm! is
more intense, and with 532 nm excitation, the band at 1364 cm-! is more intense. Likewise in the
azurite case, changing the excitation source results in changes in the relative intensity of these bands
and the data for that mineral also suggest that a resonance Raman effect is occurring. Malachite is
also a sensitive mineral to two of the four available excitation sources used here, and as stated
previously, new and more refined data for a Raman profile are required.
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Figure 8. Raman spectra of azurite and malachite samples at 1520-900 cm™ region, the arrow indicates
the symmetric stretching mode, used to normalize the spectra.

Specifically, for malachite and azurite, two minerals showing a dependence upon the excitation
radiation, the C-O symmetrical stretching mode undergoes a split due the loss of symmetry when
compared with calcite; their spectra can be seen in Figure 8. For the symmetrical stretching mode in
azurite, the band shifts to a higher wavenumber (1094 cm™), and the symmetry (Ag) is maintained
similar to calcite (A1), but the bandwidth is greater for azurite than it is for calcite. These observations
are expected for the loss of symmetry (from Dsd in calcite to Can in azurite). For malachite, Frost and
collaborators described the free carbonate ions on the basis of a Dsn point group [16]; however,
Bissengaliyeva has shown in a theorical approach that the carbonate ion oxygen atoms of malachite
are situated in triangular vertices where the valence angles at carbon are noticeably different from
120°, displaying a symmetry which is somewhat different from the equilateral triangle symmetry Dsn
[43]. In this last study, Bissengaliyeva has given three different force constants values for O-C-O
bonds in three different environments: 0,80, 0,82 and 1,00 mdyn/A [43]. For malachite, the
symmetrical stretching mode splits, becoming three bands: at 1100, 1066, 1008 cm'. This last one was
only seen in the Raman spectrum at 532 nm excitation. According to Bissengaliyeva’s work, the
carbonate ion is not an equilateral triangle in both malachite and azurite; however, for azurite, also
three values of the force constants have been evaluated for six different carbonate ions in different
environments (1,40, 1,50 and 1,60 mdyn/A) [43], yet only one band is observed in the Raman spectrum
for the symmetrical stretching mode (1094 cm™). There is clearly some contradiction here, but the
Raman spectra described in this present work are more consistent with the description of Frost and
clearly more detailed work needs to be done for these minerals [16].

For rhodochrosite, comparing with calcite (Figure 9) and using the normalization by the Eg
symmetry with the asymmetric stretching as a reference, it is possible to observe that the bending
mode is clearly more intense, and the same observation can be made about the T mode. For the L
mode, both the Raman shift and relative intensity are similar. In this case, the differences between
these minerals seems to affect mainly the Raman shift, because the frequencies show a shift slightly
different to that expected from the cation substitution. In terms of the relative intensity, these
observations suggest that, despite the cation substitution, the structure of rhodochrosite seems to
behave similarly to calcite.
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Figure 9. Raman spectra of calcite and rhodochrosite at 1064 nm excitation source.

A comparison between the rhodochrosite samples was not possible, due to the similarity of the
two available samples; their spectra also did not show any notable difference in Raman shift and
relative intensity.

For siderite, some experimental difficulties were found due to the thermal background and low
Raman signal at 1064nm. Hence, the comparison with the calcite spectrum here is made using the 523
nm excitation source (Figure 10). Using as reference the bending mode, all the E; symmetry modes
show very similar intensities except for the L mode, which exhibits a clear increase of intensity. In
fact, for both rhodochrosite and siderite, the expectations are of a very similar structure, however,
this is not observed. Rhodochrosite shows T and L modes that are very similar to calcite, but this is
not observed in the siderite spectrum. It is known that the siderite Raman spectrum has a strong
temperature dependence and the shoulder observed in the bending mode for siderite corresponds to
a vibrational mode that is shown to be infrared active in the vibrational analysis, but the flexibility of
the structure of this mineral allows that this mode also becomes Raman active depending on the
temperature [11,28,39,48]. Curiously, that dependence is not observed in the same way for
rhodochrosite [11,36,39]. Data strongly suggest that these systems are completely different and
unique, and the cation substitution cannot be used in the same way as in the non-transition metals
case. The temperature associated with the flexibility of the crystalline lattice is noted in the literature:
the small Fe atom allows distortion that leads to the appearance of an unusual mode that is only
infrared allowed [11,28,39,48]. Interestingly, until this moment, siderite (FeCO:s) is expected to have
a more flexible crystalline lattice than rhodochrosite (MnCO:s), because of the appearance in the
Raman spectrum of the active modes in the IR. This flexibility-temperature relationship is not seen in
the Raman spectrum at different temperatures for these two minerals. Rhodochrosite presents a
variation of the Raman bands, both in displacement and intensity, much greater than siderite, that is,
rhodochrosite would be more flexible if this justification were considered [11,36,39]. The
contradiction exists in the literature [11,28,36,39,48] and the interaction of the carbonate anion with
the transition metal is unique in each system, making these structures not comparable to each other.
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Figure 10. Raman spectra of siderite sample in comparison calcite. In this region, it is observed the
bending mode next to 700 cm™ and the external modes.

In addition to the discussion about the influence of the crystal habit, the spectra of a sample can
be compared at different excitation sources. The data show that, even using the same region of the
sample in the measurement, changing the laser source leads to some change in the relative intensities,
mainly in the low wavenumber region. This observation was made for the aragonite samples, because
the same behavior was not observed for the three different samples using different excitation sources.
It is possible that the laser spot size (which is different for the wavelength of the laser excitation)
changes with the average contribution of the crystal optic orientations. Mapping the samples, it is
observed that the relative intensity in the low wavenumber region changes more significantly for
samples A and C, but not for sample B, which implies that there is a more homogeneous average
contribution of crystal orientations in this specific sample. This fact implies that this sample has more
crystals organized in the same way; upon changing the laser, and consequently minimizing the spot
size, the differences are clearly seen. Figure 10 shows the comparison between the spectra for
aragonite B; it is important to highlight that the spectrum at 1064 nm in Figure 10 was obtained in a
macroscopic configuration.
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Figure 11. Raman spectra of Aragonite sample B for different excitation sources.

Changes in the external modes are also observed for rhodochrosite. For both the T and L modes
presenting the same Eg symmetry, the mapping of the sample shows significant changes in the
relative intensity of these bands, where an inversion of the intensity can be observed depending on
the region of the sample where the measurement was made (Figure 12). Firstly, these differences can
be related to the optical orientation of the crystals in the sample, however, both modes present the
same symmetry, so they are influenced in the same way by this parameter and an inversion of the
relative intensity should not be expected.

| — T T T 7 T
350 325 300 275 250 225 200 175 150 125
Wavenumber (cm™)

Figure 12. Mapping with 16 points of the Rhodochrosite sample B, at 532 nm excitation source,
showing the low region spectra.
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5. Conclusions

The acquisition of new Raman data excited at 1064 nm for carbonate minerals contributes to the
discussion and understanding of these materials and their spectra, bringing to light new observations.
Perhaps the major contribution here is the indication of the influence of the crystal habit and the
growth of the mineral itself to the relative intensities observed in the Raman spectrum, suggesting
that different relationships between unit cells entropically affects the system, leading to changes in
the relative intensities of the asymmetric stretching, bending modes of the carbonate ion and the
external modes. In addition, this work has opened the discussion about the influence of the cation
substitution to the Raman band width, showing that small cations contribute to less rigid crystalline
structures and, consequently, broader Raman bands. The identification of these minerals by their
Raman spectra non-destructively demonstrates the benefits of the technique and this revisitation of
their spectra brings a proposal on how best to obtain a quality Raman spectrum: the best conditions
for obtaining these spectra and how this can vary not only from one mineral to another, but from one
sample to another, are explored. It is worth emphasizing that the relevance of this study of carbonate
minerals for the discussion of the theory of inelastic light scattering itself, shows new results
associated with how thermodynamic parameters that influence the growth of a mineral, dispersed in
different geological eras in the Earth's crust, can leave marks on its crystalline macrostructure that
can reflect upon their vibrational spectra. In addition, the new data open the studies of how, for
anhedral minerals, the same region where the measurement is obtained can lead to different Raman
spectra depending on the laser wavelength due to differences in the size of the laser spot. In the case
of carbonate minerals, at least for the ones investigated here, the smaller the laser spot the better the
visualization of the structural details of the sample. Finally, this contribution sheds some light on the
development of new studies of carbonate minerals that can improve the geological information
underlying these valuable materials.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Table S1: Samples information; Figures S1 to S30: Results of EDS analysis; Figure
S31: Raman spectra normalized by the Eg symmetry for dolomite samples; Figure S32: Raman spectra
normalized by the Eg symmetry for dolomite samples showing the bands at 1078 cm™ and 882 cm; Figure S33:
Raman spectra normalized by the Eg symmetry for magnesite samples; Figure S34: Raman spectra normalized
by the Blg, B2g and B3g symmetries for a comparison between aragonite and witherite samples; Figure S35:
samples photographs.
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