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ABSTRACT

This paper suggests the use of high-resolution Raman scattering bands of Mg—Ca carbonates as posteriori thermometer minerals
in archaeometric studies. Therefore, the thermal behavior of two dolomite samples and the hydration and carbonation reaction in
air of the decomposition products were investigated by Raman microspectroscopy. The increase in the calcination temperature
resulted in the formation of - Raman silent MgO and - inert Mg calcite at 700°C-750°C. In contrast, the decarbonation, hydra-
tion, and recarbonation of sample material exposed to 750°C-900°C in a muffle furnace led to the appearance of Mg-free calcite.
High spectral resolution Raman spectroscopy enabled a spectral distinction between these two groups due to differences in the
band parameters (peak position, bandwidth) of the vibrational (v,, v,, L) modes of calcite. In combination with Raman microspec-
troscopic mapping, this spectral information represents a new approach for the estimation of burning temperatures of medieval
high-fired gypsum mortars via natural dolomite impurities. Thus, the results of this work highlight the importance and potential
of Raman microspectroscopy as a thermometric tool for elucidating the thermal history of anthropogenic fired materials, with
potential applications for archacometry and art technology, as well as for quality controls in the frame of the production of min-
eral mortar binders and ceramics or bricks, respectively.

1 | Introduction literature. Under high CO, partial pressure in the calcination at-

mosphere of a traditional lime kiln, the dissociation is reported
In correlation with local geological circumstances, dolomite to proceed along a two-step mechanism: Firing at temperatures
rock (CaMg (CO,),) or dolomitic lime was traditionally used just between 500°C and 700°C results in the formation of periclase
as limestone (calcite CaCO,) as raw material for the production (MgO) and quicklime (CaO), followed by the immediate recar-
of mortars and plasters. The thermal decomposition of dolomite bonation of the latter. As the temperature is further increased to
(CaMg (CO,), - CaO +MgO +2CO0,) proceeds depending on the 700°C-900°C, the newly formed CaCO, is converted into CaO.
burning regime or experimental conditions, respectively, which Slaking of the calcinated dolomite yields brucite (Mg (OH),) and
explains the spread of temperature specifications available in the portlandite (Ca (OH),), while the carbonation reaction closes the
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lime cycle by the non-contemporaneous and independent crys-
tallization of magnesite (MgCO,), via hydrous magnesium car-
bonate and amorphous phases, and of the CaCO, polymorphs
aragonite and calcite [1-9].

In the last decennia, micro-Raman spectroscopy has been increas-
ingly applied for the analysis of pyrometamorphism products,
often present only in trace amounts, by combining high spatial
resolution with the capability to detect minor chemical-structural
changes within the crystal lattice in a highly detailed Raman mi-
crospectroscopic mapping. This method has been successfully ap-
plied, e.g., for the characterization of not hydrated clinker phases
in 19th century cement mortars and for studying the sintering
reactions in ceramics and cementitious materials [10-15]. Due
to a significant narrowing of the Raman bands in the range of
400°C-900°C, the determination of Raman spectral bandwidths
(full width at half maximum, FWHM) of pyrogenic anhydrite
allowed the estimation of the burning temperature of high-fired
gypsum mortars used as masonry and joint mortars or for stuc-
cowork in Central Europe in the Early and High Middle Ages
[16-21]. As for carbonate minerals, Raman micro-spectroscopy
and spectroscopic mapping have been used for profiling the car-
bonation depth in lime mortars [22, 23] and for the characteriza-
tion of amorphous and crystalline calcium carbonate in biogenic
limestone samples [24-26]. More recently, the exact spectral peak
positions and FWHM of Raman bands were shown to reflect the
degree of crystallinity and atomic disorder in bulk samples and
thin sections. This paved the way to a spectroscopic discrimina-
tion between geogenic and anthropogenic calcites [27, 28].

Despite these promising research activities, comprehensive and
thorough Raman microspectroscopic mappings in combina-
tion with band position and bandwidth analyses are still scarce.
Particularly, dolomite with its multiple transformation steps (as
shown with XRD, IR-Spectroscopy, and electron microprobe anal-
ysis [6-8, 29-31]) bears great potential for the reconstruction of the
thermal history of anthropogenic fired materials such as mortars or
ceramic. In this work, the thermal breakdown of natural dolomite
in a muffle furnace and the subsequent hydration and carbonation
reaction upon air exposure of the decomposition products are ex-
perimentally studied with high-spectral resolution Raman spec-
troscopy. The experimental findings are applied on a reenacted
high-fired gypsum mortar containing dolomite as geologically re-
lated natural impurity using Raman microspectroscopic mapping.
The thermally stressed dolomites serve as additional temperature
indicators complementing the above-mentioned spectral and ther-
mal information gathered on the basis of not hydrated pyrogenic
anhydrites typically preserved in the binder matrix of such mor-
tars. The calcination at temperatures of up to 900°C results in an
assemblage of calcium sulfate phases dehydrated to different de-
grees and partly thermally damaged accessory minerals of the raw
gypsum (carbonates, phyllosilicates, etc.)—the only source to the
lost medieval technological know-how.

2 | Experimental

2.1 | Samples

Two natural dolomite samples were used for the thermal exper-
iments: Sample DPK (abbrev. for Dolomite Powder Kremer) was

purchased as a powder from Kremer Pigmente GmbH & Co. KG
in Aichstetten, Germany, whereas the rock sample DRR (abbrev.
for Dolomite Rock Rudelswalde, quarry location in Germany)
was provided by the Museum fiir Naturkunde Berlin - Leibniz
Institute for Evolution and Biodiversity Science. Sample DRR
was manually powdered with an agate mortar prior to the ther-
mal experiments. Upon grinding, it exhibits a yellowish-brown
color due to impurities of Fe,O, and MnO (XRF data in Table 1).
The white sample DPK is characterized by a high purity of 99%
CaMg (CO,), with only minor amounts of Fe,O, [32]. Raman
analysis of the dolomite v,-band showed FWHM values of
5.5+0.2cm™! and 5.3+0.7cm™! in the samples DPK and DRR,
respectively, indicating a similar degree of crystallinity before
thermal treatment.

The findings from the thermal experiments with dolomite were
compared with observations made on a real-life mortar sam-
ple containing dolomite impurities in a proof-of-concept study.
Microscopic Raman analysis was applied on individual grains
of a high-fired gypsum mortar prepared in 2012 according to
traditional procedures at the Ziegelei Technisches Denkmal
Hundisburg e.V. in Haldensleben, Germany [33]. This reenacted
binder type was named KeuperM after gypsum deposits of the
Keuper period quarried at Bad Windsheim, Germany. Dolomite,
dolomitic marl, celestine, quartz, and feldspar are confirmed as
minor constituents of the raw material. According to the man-
ufacturer, firing temperatures of up to T=900°C were used in
producing the high-fired gypsum [33]. To make accessible a
representative cross section, the mortar sample was embedded
in epoxy resin (Huntsman Araldite® 2020) and polished to thin
sections (30 um thickness). A polarizing light microscope (Zeiss
Axio Scope.Al MAT equipped with AxioCam MRc) was used
with reflected light and transmitted light to assign study seg-
ments suitable for Raman analysis.

TABLE 1 | Oxide composition (wt %) of the two natural dolomite
samples used for the thermal experiments in this work. Wavelength
dispersive X-Ray Fluorescence (WDXRF) measurements were
conducted with a MagiX Pro from PANalytical equipped with a water-
cooled 4-kW Rh tube. Data quantification was done using the semi-
quantitative measurement program “Omnian” (n.d.: not detected).

Dolomite Dolomite Rock
Powder Kremer Rudelswalde

Oxide wt % (DPK) (DRR)
Sio, 0.39 0.45
Al203 0.07 0.19
Fe203 0.21 0.6

MnO n.d. 0.41
MgO 18.06 17.61
CaO 39.81 39.12
Na20 n.d. 0.14

K20 0.03 0.03
Total 58.57 58.55
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2.2 | Dolomite Decomposition and Recarbonation

Two grams each of dolomite powder from samples DPK and
DRR were weighed into corundum crucibles and calcinated for
2h in a laboratory muffle furnace (LT9/13/P320 Nabertherm,
Lilienthal, Germany) at the defined burning temperatures
T, =500, 600, 700, 750, 800, 850, and 900°C. After cooling
down to room temperature (RT), a part of the burnt powders
was mixed with 5mL water in a glass cylinder with a magnetic
stirrer, after which 0.2mL of the suspension was pipetted onto a

microscope slide and exposed to the CO, in ambient air.

2.3 | Raman Spectroscopy

Raman spectroscopic measurements were conducted on a
LabRAM HR800 instrument (Horiba Jobin Yvon) coupled to a
BX41 microscope (Olympus) with a 50x/N.A.=0.55 long work-
ing distance objective and a charge coupled device (CCD) de-
tector (Symphony, Horiba Jobin Yvon). The second harmonic
of a continuous Nd:YAG laser output at A=532nm was used as
the probe laser beam for all measurements. To minimize laser-
induced peak broadenings or shifts (see Figure S1 in Supporting
Information), as well as laser-induced sample deterioration,
the laser intensity was carefully adjusted to a power between
1 and 16mW on the sample surface. The exact value of atten-
uation was achieved using the combination of several neutral
density filters and determined by monitoring the spectral broad-
ening online. The width of the spectrometer entrance slit was
100pum and the diameter of the confocal pinhole was 1000 pm.
An 1800mm™' grating was used for diffraction, resulting in a
natural spectral resolution of approx. 0.45cm™" per CCD pixel
at 1100cm™. The spectral coverage of the CCD detector, i.e., the
width of the spectral window that can be detected with a spe-
cific grating inclination, is approx. 450-500cm~! with the inci-
dent laser wavelength at 532nm. The spectrometer is equipped
with a movable grating system that allows the adjustment of
the angle of diffraction to measure at different wavelengths.
Due to non-uniform movements, hysteresis, and necessary lee-
way of the mechanical system, systematic peak position shifts
of few pixels are observed on the same Raman band depending
on the absolute spectral window, i.e., the rotation angle of the
grating [34, 35]. To determine absolute spectral positions even
below this inherent uncertainty, careful internal calibration of
the peak positions with atomic emission lines is preferable, e.g.,
using a neon or mercury-argon lamp, but parallel acquisition of
emission lines at the sample position is often impractical and
requires a set-up with an external or internal calibration lamp.
In this study, the spectrograph wavelength position (monikered
“Spectro” in the Horiba LabSpec6 software suite) was manually
set to regions around the central wavenumbers of 350, 700, and
1100cm™! for the measurement of the carbonate L- (librational
mode), v,- (in-plane bending), and v - (symmetric stretching)
bands, respectively, to minimize the systematic deviation intro-
duced by software-controlled selection of the detection windows
and thus improve reproducibility. Also, the spectral range func-
tion provided by the LabSpec6 software, which combines mul-
tiple measurement windows within a given spectral range into
one continuous spectrum was avoided, when possible, since it
results in a loss of raw spectral data due to limited control over
the preprocessing parameters.

Typical acquisition times for single measurements were 10-30s
(5%2s/6x5s), depending on the signal-noise ratio. To ensure
better statistics, a minimum of three sets of Raman maps were
acquired at different locations on the sample surface, each with
a dimension of 4x4pixels with 100um x100um step sizes,
leading to a sample size of at least 48 spectra per measurement
campaign. These non-spatially resolved Raman measurements
were performed on the calcinated dolomite samples before hy-
dration as well as after 1day of recarbonation in ambient air.
Further Raman measurements were conducted over the course
of four months to observe chemical-structural changes during
the continuous recarbonation process. Larger Raman maps
(8000-20,000 px, 2 um step sizes, min. 2 X 1s per spectrum) were
used for the analysis of the thin sections of the mortar sample
KeuperM at specific areas that were selected after analysis with
the polarization microscope.

Peak fitting was applied on the Raman spectroscopic data to
determine peak positions and band widths out of the superim-
posed individual features in the spectra. Briefly, the peak fitting
workflow is oriented on similar routines used by other authors
[17, 25, 36]. In this work, the data processing pipeline including
preprocessing, fitting, and value extraction was highly automated
using Python scripts, including the open access package Imfit for
non-linear least-squares minimization and curve fitting [37]. In
the preprocessing steps, the raw Raman spectra were masked to a
narrower spectral range to increase the impact of the bands of in-
terest onto the fitting residuals. Peak intensities were normalized,
and peak-fitted using the superposition of a linear baseline and
singular or multiple Pseudo-Voigt peaks. Boundaries of the fit-
ting parameters were defined individually for each Raman mode
to restrict and optimize the fitting procedure. Examples of fitted
spectra are shown in Figure S2 of the Supporting Information.

3 | Results and Discussion
3.1 | Calcination of Dolomite: v,-Mode

After heating up to T, =500°C, the observed Raman spectra
of both dolomite samples resemble the original spectra without
heating. After calcination at T, =600°C, a faint shoulder around
1089 cm™! becomes visible (Figure 1A). The intensity of this shoul-
der increased upon further heating to 700°C, leading to a distinct
separate peak. The high spectral resolution of our setup allows for
a global fit of the spectral region as a superposition of two indi-
vidual spectral bands, one centered around 1098 cm™! for dolomite
and one around 1089 cm™!. Comparison with the literature enables
an assignment of the latter peak as a contribution from Mg calcite
[38, 39]. The peak integrals of the fit result can be used for a quan-
titative characterization of the two contributions. Accordingly, do-
lomite was still predominant in the Raman spectra of sample DPK
after calcination at 700°C. After heating to the same temperature,
the sample DRR was already dominated by the Mg calcite band
with only minor contribution of residual dolomite.

Some traces of calcite with band positions around 1086 cm~"' and
lower FWHM values of 2-3.5¢cm™! were also found in the DPK
sample calcinated at 700°C. These values matched those of the
calcite impurities found in sample DPK at room temperature
and therefore suggested the continued presence of uncalcinated,
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FIGURE 1 | Raman spectra of v,-bands of carbonates measured at room temperature after calcination at different burning temperatures T,
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(red) and after subsequent hydration and recarbonation for 1day (blue) for dolomite samples DPK (A) and DRR (B). The spectra are normalized, av-

eraged over 16 measurements, and vertically offset for clarity. Deconvoluted bands from peak fitting are shown under each spectrum in grey. Peak
position values of relevant carbonates are highlighted with vertical lines and boxes.

primary calcite at 700°C. Overall, the amount of calcite was only
minor compared to the amount of Mg calcite at 700°C in both
dolomite samples.

After calcination at 750°C, the band intensities of dolomite de-
creased strongly in sample DPK, and the v,-band of Mg calcite
became the predominant spectral feature. Comparison of the v -
band of Mg calcite showed, that the mean peak position shifted
slightly towards lower wavenumbers from approx. 1089.6cm™!
at 700°C to approx. 1087.8cm™! at 750°C in sample DPK, and
from 1088.2cm™! at 700°C to 1087.2cm™! at 750°C for sample
DRR (Table 2).

A proportional spectral shift of peak position as well as peak
broadening of the Raman bands with increasing Mg content
was previously described for various carbonates [38, 40, 41].
This shift is explained by the decrease of interatomic dis-
tances in the crystal lattice due to the substitution of the larger
Ca?* ions by the smaller Mg?* ions. The shorter Mg—O bond
is stronger than the longer Ca—O bond and hence induces a
weakening with a corresponding red shift in the vibrational
modes of the C—O bonds of the carbonate [38, 41-43]. Raman
analyses on synthetic and biogenic Mg calcites also showed
proportionally increasing peak positions and bands widths
of all vibrational modes with increasing Mg concentrations
[38, 39]. The studies reported comparably high peak position
values of 284-286cm™! for the L-mode, 714-716 cm™! for the
v,-mode, and 1087-1088 cm™! for the v,-mode, which corre-
sponded to high-Mg calcites with concentrations of approx.

8-15mol% MgCO,. Low-Mg calcites (0-4mol% MgCO,) on
the other hand usually showed lower peak position values of
280-281cm™, 711-712cm™}, and 1085-1086cm™! for the L-,
v,-, and v, -bands, respectively. The decrease of peak position
and FWHM values observed in the spectra of samples calci-
nated between 700°C and 750°C was therefore an indication
of decrease of Mg concentration, though the values were still
well within the boundaries of high-Mg calcite.

After heating above 800°C, the Mg calcite bands disappeared in
the Raman spectra of both samples while several weaker signals
of portlandite around 360cm™~' and amorphous calcium car-
bonate (ACC) at 1080cm™! occurred (Figure S3 in Supporting
Information), suggesting the complete breakdown of dolomite
and Mg calcite to CaO and MgO, which are known to be Raman-
inactive [44-46]. The spontaneous formation of portlandite and
ACC directly after calcination is a frequently observed phe-
nomenon, as freshly produced CaO reacts with the water vapor
and CO, of the ambient air. The metastable ACC subsequently
transforms into more stable, crystalline calcium carbonate poly-
morphs via dissolution-precipitation processes as the carbon-
ation reaction continues [47-50].

3.2 | Hydration and Recarbonation of Calcinated
Dolomite: v,-Mode

While directly after calcination the amount of observed ACC
was low, an increase in ACC formation was detected after one
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day of hydration and recarbonation of the dolomite samples,
indicated by a broad shoulder around 1080cm™! that emerged
in the samples priorly exposed to burning temperatures above
800°C for DPK and above 750°C for DRR (Figure 1, blue curves).
As discussed in the previous section, this ACC is not thermody-
namically stable long-term and transforms into stable calcite as
the carbonation process continues. Indeed, further exposure of
the recarbonated samples to air over four months under open
laboratory conditions resulted in a relative decrease in the ACC-
to-calcite intensity, and the continuous decrease of the calcite
v,-band width reflects the increase of crystallinity (Table 2 and
Figure S4 in Supporting Information). Prolonged stability of
ACC during precipitation of calcium carbonates under condi-
tions of Mg supersaturation and subsequent crystallization of
high-Mg calcite has been reported [51-53]. However, such high
Mg/Ca ratios are not expected here in the calcinated dolomite
samples. Moreover, the low Raman peak position values around
1080cm™! indicate low Mg content in ACC [41]. ACC with low
Mg content is expected to transform into low-Mg calcite [52],
which is also observed in the samples aged for approx. four
months.

Most of the recarbonated samples which were treated at
Ty ="700°C-750°C showed similar mean peak position values
around 1087-1088 cm™, comparable to the values obtained from
calcinated samples. A decrease of the Raman peak positions
to 1085°C1086cm™! was apparent in the recarbonated samples
treated above 800°C, except for sample DRR prepared at 750°C,
which already exhibited a decrease of the Raman peak position
to 1085.6cm™!. These results strongly suggest that the second-
ary calcite formed from CaO after hydration and recarbonation
is depleted in its Mg content. In case of DPK, this low-Mg or
Mg-free calcite was predominant in the recarbonated samples
heated at 800°C and above, while the low-Mg calcite already
dominated the spectra above 750°C in the DRR samples. The
earlier appearance of low-Mg calcite in the latter sample indi-
cated that a significant amount of Mg calcite had already been
calcinated to CaO at 750°C. Several factors may contribute to
the different behaviors during the thermal decomposition of
the dolomite samples. Particle sizes and specific surface areas
of dolomite affect the timing of the thermally induced transfor-
mations and intense mechanical grinding can lead to the for-
mation of calcite and periclase already at 500°C-600°C [54-56].
Impurities such as inorganic salts and metal oxides may also
reduce the decomposition temperature [30, 56]. The latter fac-
tor may have contributed to a certain degree here, since sam-
ple DRR included slightly higher amounts of Fe and Mn in the
raw material. On the other hand, other authors indicate that the
elemental composition had no significant effect on the overall
thermal behavior of dolomite [2].

Overall, the observed FWHM values of the carbonate v,-band
of Mg calcite and of the recarbonated calcite ranged around
5.5-6cm™L. Similarly, high values are reported for reformed,
anthropogenic calcites, while significantly narrower Raman
bands with widths of approx. 2-4cm™! are typical for pri-
mary, geogenic calcites [27, 28]. Slightly higher FWHM values
around 7cm™! in samples calcinated at 700°C are most likely
artifacts from poorer fit results, caused by the overall low
band intensity and interference from the dominant neighbor-
ing dolomite band. For comparison, Raman band parameters

of different geogenic samples are given in the Supporting
Information (Table S1).

3.3 | Comparison With Raman Peak Position
of L- and v,-Modes

Similar trends and changes in the Raman signals can be ob-
served in the carbonate v - (Figure 2) and L-bands (Figure 3)
at smaller wavenumbers as well. Comparison of the different
Raman modes showed an overall red shift of all calcite bands
to lower wavenumbers with increasing temperatures. For a
comprehensive overview of the spectral behavior, all sam-
ples are plotted in two dimensional spectral plots (Figure 4),
in which the graph is spun up by two axes representing the
spectral position of the two central peaks of two respective
bands. Two clusters emerged when plotting the peak position
values of both modes in this biaxial fashion. One group clus-
ters around overall higher band peak values of calcites and
can be assigned to sample DPK heated at 700°C and 750°C, as
well as sample DRR heated at 700°C. The second group gener-
ally exhibits lower band values of calcites and consisted of all
other dolomite samples, which were calcinated beyond 800°C
for DPK and beyond 750°C for DRR. The differences in band
positions of these two clusters are especially pronounced in
the plots spun up by the v - and v,-modes against the L-mode.
The two intramolecular vibration bands showed comparably
moderate peak shifts of 2-5cm™!, while a peak shift of up to
12cm™! could be observed for the intermolecular L-mode. This
different response on cation exchange reflects the expected
change of intermolecular vs. intramolecular atom-atom dis-
tance upon intercalation.

The larger peak positions values of the first group were at-
tributed to the higher residual Mg content in the crystal lattice
of calcite that was directly formed during the decomposition of
dolomite at 700-750 °C. Several authors reported the conversion
of dolomite directly into CaO, MgO, and CO, at this temperature
range and an immediate carbonation of CaO to CaCO,, while
MgO remains unreacted [1, 57, 58]. Rodriguez-Navarro et al.
argue the initially formed CaO and MgO to be solid-solutions
with considerable amounts of Mg or Ca, respectively, which re-
sults to the non-pure CaO subsequently reforming as Mg cal-
cite. Further calcination at higher temperatures then leads to
the dissociation of Mg from Mg calcite and decomposition into
pure CaO [1]. This formation of solid solutions of CaO and MgO
could neither be confirmed nor disproven with the analytical ap-
proach of our study. However, our Raman spectroscopic results,
under the given firing conditions, corroborate the presence of a
two-step decomposition of dolomite with Mg calcite forming in
a transitional step before further calcinating to CaO in a second
step at elevated temperatures.

The lower band position values of the second group suggest that
Mg was not re-incorporated into the reformed calcite after hy-
dration and recarbonation. Furthermore, the significantly de-
creased peak positions of the L-band with values below 280 cm™!
indicate a high structural disorder of the reformed calcite.
Calandra et al. and Toffolo et al. utilized this shift of the L-mode
to distinguish between geogenic and anthropogenic calcites
[27, 28]. The results here in this work demonstrate that the same
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FIGURE 2 | Raman spectra of v,-bands of carbonates measured at room temperature after calcination at different burning temperatures T,
(red) and after subsequent hydration and recarbonation for 1day (blue) for dolomite samples DPK (A) and DRR (B).
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FIGURE 3 | Raman spectra of L-bands of carbonates measured at room temperature after calcination at different burning temperatures T,
(red) and after subsequent hydration and recarbonation for 1day (blue) for dolomite samples DPK (A) and DRR (B).
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Raman band parameters are achieved after the decarbonation,
hydration, and recarbonation of dolomite.

After the discussed transformation, the central band peak posi-
tions remained stable even after four months of further carbon-
ation in air with no significant changes of the peak positions.
Raman signals suggesting the formation of brucite or Mg car-
bonate (hydrate) phases during this time span were not observed.
Compared to CaO, MgO is less reactive and hydrates at slower
rates [6, 8, 59]. The hydration of CaO to the more soluble Ca (OH),
further inhibits the hydration of MgO to the much less soluble Mg
(OH), [59, 60]. The relatively short slaking period before recarbon-
ation likely contributed to formation of only trace amounts of bru-
cite, leading to the absence of brucite bands in the spectra of the
experimental samples. Further measurements aimed at resolving
the more intense OH band around 3650cm™ may help identify
brucite; however, this was not a priority for this study.

3.4 | Raman Microscopic Mapping of High-Fired
Gypsum Mortar Sample

Figure 5 shows the results from Raman microscopic mapping of
the high-fired gypsum mortar KeuperM, produced based on tradi-
tional manufacturing methods at Ziegelei Technisches Denkmal
Hundisburg e.V. (Germany). An extended view of the microscopic
image, peak fitting examples on the mortar sample, and histo-
grams including mean values of the Raman band parameters are
presented in Figures S5—9 in the Supporting Information.

Several polycrystalline, carbonatic fragments, and natural impu-
rities of the gypsum deposit, were visible under the polarization

microscope due to their high light refraction and birefringence
(Figure 5A). The clusters vary in size, with diameters of a few hun-
dred micrometers, each consisting of individual crystals ranging
between 5 and 30um. Some of these agglomerates exhibited zon-
ing with brownish coloring towards the edge. Raman microscopic
mapping revealed a mixture of dolomite and calcium carbon-
ate, with some carbonate grains also present in the surrounding
gypsum matrix, along with thermal anhydrite (Figure 5B). Peak
fitting of the anhydrite v,-mode revealed FWHM values mostly
between 3.4 and 4.0cm™! (mean 3.8+0.4cm™, Figure 5C), indi-
cating a burning temperature of 700°C-800°C according to our
previous studies with pyrogenic anhydrite [17-20].

The Raman map in Figure 5B shows a simplified classifica-
tion of each pixel to exactly one mineral. While many spectra
consisted of several superimposed spectra of underlying min-
erals, in this assignment, an unambiguous classification was
made and only the major component (i.e., the mineral with the
strongest spectral contribution) was considered. Since most
Raman spectra within the carbonate cluster showed a coex-
istence of dolomite and calcium carbonate, their respective
ratio and their distribution within the carbonate cluster are of
interest to potentially localize different stages of the dolomite
decomposition and transformation to calcium carbonate. For
this, the areas under the deconvolved dolomite (4, ,,) and
calcium carbonate v ,-bands (sz, o) were used for an estima-
tion of the relative amount of dolomite (Arel, 4o in €each Raman
spectrum:

qubdd
A = ¢))
rel,dol A A
vy,dol + vi,ce
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FIGURES5 | Raman microscopy mapsacquired on a thin-section sample of reenacted high-fired gypsum mortar KeuperM: Microscopic image, re-
flected light/transmitted light with crossed Nicols (A); Raman intensity distribution of marker bands for anhydrite (1017 cm™), gypsum (1008 cm™),
calcium carbonate (1083-1090 cm™1), dolomite (1098 cm™") (B); Raman band widths of anhydrite v,-mode (C); relative amounts of dolomite calculated
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of calcium carbonate v,-mode (E) and L-mode (F); Raman band widths of calcium carbonate v,-mode (G) and L-mode (H). Map sizes 94 x 94 px with

2X2um step size.

As seen in Figure 5D, this calculation also helped to better re-
solve the grain boundaries of the dolomite crystals within the
carbonate cluster than with the intensity mapping in Figure 5B.
The high contrast in the dolomite content showed that cal-
cium carbonate occupies the areas between the dolomite islets.

More extensive and continuous areas of calcium carbonate are
found towards the rim compared to the core region of the clus-
ter. These observations indicated a stronger degree of dolomite
decomposition at the outer parts of the carbonate cluster, likely
due to favorable energy and matter transport kinetics, such as
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heat conductivity inside the samples or Mg diffusion out of the
particles [6, 61].

Further insights into the degree of dolomite decomposition were
obtained through the evaluation of the Raman peak positions
and FWHM values of calcium carbonate (Figure SE-H). Within
the carbonate cluster, the peak positions of the v,-band varied
between 1086 and 1089 cm™! (mean 1087.2 +0.6cm™), with few
calcium carbonates found at 1085-1086cm™ (Figure 5E). The
v,-FWHM values were mostly in the range of 5-8cm™ (mean
6.3+1.0cm™!, Figure 5G). Similar contrast patterns showing
the outlines of individual dolomite grains within the cluster
were acquired in both peak position and FWHM maps. The
calcium carbonate v-bands exhibited higher peak positions at
1088-1089cm~! and larger FWHM values around 8-10cm™! in
proximity to dolomite. Both values slightly decreased with de-
creasing dolomite content to 1086-1087cm~! and 5-7cm™, re-
spectively. The Raman maps of the calcium carbonate L-mode
showed comparable contrast patterns as in the v,-mode maps
(Figure 5F,H). The peak positions were mostly in the range of
280-283cm™! (mean 281.7+1.2cm™") and FWHM values were
between 14 and 20cm™ (mean 16.6+1.8cm™). These results
from the v,- and L-mode indicate that calcium carbonate within
the cluster was predominantly Mg calcite, suggesting higher Mg
concentration near dolomite sites. Where dolomite decomposi-
tion was more advanced, the Mg content in the calcites declined,
resulting in a decrease in Raman peak positions.

Advanced calcination and reformation to Mg-free calcite was
not evident, as Raman bands around 1086cm~! were found

only sparsely in the Raman maps. However, calcium carbon-
ates with lower v -peak positions at 1084-1085cm™ (mean
1084.6+0.3cm™) and very low FWHM values around 2-3cm™!
(mean 3.0+1.0cm™) were found at the most outer parts of
the carbonate cluster and in the surrounding gypsum matrix
(Figure 5E,G). These areas were also characterized by the absence
of calcite L-bands around 275-286cm™' (Figure 5F). Instead,
weaker Raman signals around 205cm™! indicated the presence
of aragonite, the orthorhombic polymorph of calcium carbonate,
at the outer areas. The aragonite found here was considered not
of primary origin deriving from the raw material, as aragonite
irreversibly transforms into calcite at 400-500°C under ambient
pressures [62, 63]. Aragonite has been reported in numerous stud-
ies after hydration and recarbonation of burned lime [22, 64, 65].
Different pathways for the nucleation of aragonite in lime binders
have been summarized and discussed. In general, carbonation of
Ca (OH), completes with the formation of calcite, the most sta-
ble polymorph under room temperature and normal atmospheric
pressure [22]. However, depending on the carbonation conditions,
ACC, vaterite, and aragonite can form as metastable precursors
during nucleation and growth of calcite [48, 50, 66]. The presence
of Mg and SO, in aqueous solutions can strongly inhibit calcite
crystallization and promote the nucleation of aragonite [67].
Considering that the Raman maps of KeuperM implied more ad-
vanced decomposition of dolomite to CaO and MgO at outer areas
of the carbonate cluster, the aragonite found here likely formed in
the high-Mg and high-SO,, environment during the hydration and
hardening process of the gypsum plaster. This may also explain
the absence of Mg-free calcite with peak positions between 1085
and 1086cm1, as CaO mostly reformed into aragonite.
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FIGURE 6 | Comparison of the Raman peak position and band width values of calcium carbonates in high-fired gypsum mortar KeuperM and

thermally treated dolomite samples DPK and DRR (n =number of samples): Peak positions of L- versus v,-mode (A); band width versus peak posi-
tions of v,-mode (B); band width versus peak positions of L-mode (C). Values of thermally treated dolomite samples in (A) correspond to values in

Figure 4A.

10 of 13

Journal of Raman Spectroscopy, 2025

1]U0//:S01Y) SUORIPUOD PUe SULB | 8U) 885 *[5202/50/T0] uo Ariqraunuo AB1IMm BinyasuypoyyoeS Busg Aq 0T89'S1(/200T 0T/10p/wod Ao 1M Arelq 1puIUO'S [EUINO BOUB 10 LD A L/ SUNY W01} Papeo|UMoq ‘0 'SSG.60T

09 Ra|ImA.

85U 17 SUOWILLOD 981D 3 |ged||dde ay Ag pausenob ae sajolle YO ‘8sn Jo sanJ 1oy Akelq 1T auljuQ 481\ UO (SUOIjIpUOD-pue:



For further evaluation of the calcium carbonates in the KeuperM
sample, the peak position and bandwidth values were compared
to those of the recarbonated samples from the thermal experi-
ments with dolomite, as shown in Figure 6. A more comprehen-
sive comparison, including Raman data of various untreated,
geogenic carbonate samples, is provided in the Supporting
Information (Table S1 and Figure S10). Most calcium carbonate
spectra from the KeuperM sample overlapped with the Mg cal-
cite spectra of the experimental samples treated at 700°C-750°C.
These spectra exhibited higher peak positions for the v - and L-
mode (Figure 6A), higher FWHM values of the v ,-band between
5and 9cm~! (Figure 6B), and moderately high FWHM values of
the L-band around 15-20cm™! (Figure 6C). This overlap, along
with the estimation of the burning temperature using pyrogenic
anhydrite, aligns well with previous temperature measurements
at Ziegelei Hundisburg. Schliitter et al. reported a gradual in-
crease in kiln temperature to approx. 800°C in the center of the
kiln after 11 h, with further firing at this temperature for another
2h [68]. Due to differences in grain sizes of the raw material and
local temperature gradients, various stages of the transforma-
tion process were preserved in the carbonate aggregate: intact
dolomite, partially decomposed to Mg calcite, and traces of com-
plete decomposition and recarbonation to aragonite at the rim.

4 | Conclusion

The thermal decomposition of two natural dolomite samples was
examined with high-spectral resolution Raman spectroscopy.
For both samples, the decarbonation comprised a first calcina-
tion step at T, =700°C-750°C, where Mg calcite was found
as the principal product (MgO is Raman silent). Upon higher
temperatures, Mg calcite further stoichiometrically decomposes
to CaO in a second calcination step above 800°C and reforms to
Mg-free calcite upon hydration and recarbonation in air. While
the spectral width of the observed Raman bands reflects the
micro-homogeneity of the sample, the incorporation of Mg in
the crystal lattice of calcite decreases the interatomic distances,
which results in a proportional increase of the Raman shifts of
all vibrational modes of calcite. Hence, Raman peak position
and bandwidth analysis allow the spectroscopic discrimination
between pyrogenic Mg calcites formed at different calcination
temperatures. Raman microspectroscopic mapping on thin sec-
tions of a reenacted high-fired gypsum mortar confirmed the
presence of Mg calcite in association with thermally stressed
dolomitic impurities. Comparison of the Raman band parame-
ters of the calcium carbonates showed high similarity with Mg
calcite formed at T}, =700°C-750°C in the experimental sam-
ples, matching well with the burning regime reported by the
manufacturer Ziegelei Hundisburg and the calculated tempera-
ture estimation based on thermal anhydrite grains in the binder
matrix. Thus, the Raman spectroscopic study of pyrogenic Mg
calcites represents a complementary approach to the analysis
of pyrogenic anhydrite for the determination of the burning
temperature of high-fired gypsum mortars. These findings yet
again highlight the potential of high-spectral resolution Raman
microspectroscopy for the thermometric analysis of (anthropo-
genic) fired materials. Further research should focus on the in-
fluence of other preparatory parameters on the Raman bands of
the products of the thermal breakdown of dolomite, e.g., grain
size distribution of the raw material, prolonged calcination and

hydration periods, and carbonation conditions. Furthermore,
the applicability of this method on underburned dolomite grains
in other building materials, such as dolomitic lime mortars, and
ceramics, remains to be tested. Including high-spectral resolu-
tion Raman microspectroscopy into future studies can thus not
only help elucidating the thermal history of fired materials in
archaeology and art technology to deepen our understanding of
the lost medieval production technology, but also be beneficial
for quality controls in the present production of mineral binders.
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