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Phase composition and burning history of high-fired medieval gypsum 
mortars studied by Raman microspectroscopy. 
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Measurement conditions 

 

Table S1: Measurement conditions of Raman maps and spectra. 

Figure Laser wavelength Laser power Objective lens Acquisition time 

(per pixel) 

2b-d 532 nm   3 mW (10%) 50x/NA = 0.75 2x2 s 

3 532 nm   3 mW (10%) 50x/NA = 0.75 2x2 s 

4 532 nm 17 mW (50%) 50x/NA = 0.75 2x2 s 

5c-d 532 nm 17 mW (50%) 50x/NA = 0.75 2x2 s 

5e 532 nm 17 mW (50%) 50x/NA = 0.75 2x10s*) 

6b-c 532 nm   9 mW (25%) 50x/NA = 0.75 2x5 s 

S2b-d 532 nm 17 mW (50%) 50x/NA = 0.75 2x2 s 

S3c-d 532 nm 17 mW (50%) 50x/NA = 0.75 2x2 s 

S4c same Raman map as Figure 4 

S5c-d same Raman map as Figure 5c-d 

S5e-h 532 nm 17 mW (50%) 50x/NA = 0.75 2x2 s 

S6 532 nm 34 mW (100%) 50x/NA = 0.75 2x5 s 

*) Single-spot spectrum 

 

 

 

Table S2: Additional measurement parameters of Raman maps. 

Figure Step size Pixel number Map size Acquisition time 

(of whole map) 

2b-d 1 µm x 1 µm 43 x 54 43 µm x 54 µm 2.6 h 

3 1 µm x 1 µm 80 x 100 80 µm x 100 µm 8.9 h 

4 1 µm x 1 µm 50 x 90 50 µm x 90 µm 5 h 

5c-d 1 µm x 1 µm 120 x 92 120 µm x 92 µm 12.3 h 

6b-c 1 µm x 1 µm 27 x 46 27 µm x 46 µm 3.5 h 

S2b-d 1 µm x 1 µm 90 x 80 90 µm x 80 µm 8 h 

S3c-d 1 µm x 1 µm 29 x 130 29 µm x 130 µm 4.2 h 

S5e-h 1 µm x 1 µm 20 x 20 20 µm x 20 µm 0.4 h 

S6 1 µm x 1 µm 14 x 32 14 µm x 32 µm 1.2 h 
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Data analysis 
 

 
 
Fig. S1: (a) Exemplary Raman spectrum of anhydrite II (800°C burning temperature) shown around its 

most prominent band at 1017.2 cm-1 fitted with Lorentz functions in the range from 1005 cm-1 to 
1030 cm-1 (with the peak maximum in the centre), and (b) in a restricted range from 1016.7 cm-1 
(0.5 cm-1 below the peak maximum) to 1030 cm-1. Below, a spectrum from a Raman map of 
anhydrite grains in a gypsum mortar is shown (excerpt from spectrum in Figure 2b in the main 
text), whose anhydrite full width at half maximum (FWHM) was determined by (c) double-peak 
and (d) single-peak fitting in a restricted range. 

 
For reference measurements, gypsum powder was burnt in a laboratory furnace at temperatures 

ranging from 400°C to 1100°C in steps of 100°C. Raman spectra of the obtained anhydrite II 

powder were measured in the range of 860 cm-1 to 1330 cm-1 with a spectral resolution of approx. 

0.45 cm-1 per detector pixel. A linear baseline correction from 980 cm-1 to 1050 cm-1 was applied to 

each reference spectrum, as a raised and within the observed wavenumber range linearly 

increasing baseline was observed due to luminescence emission by the anhydrite II samples burnt 

at 400°C up to 700°C presumably due to formation of colour centres (F-centres) (compare the 

spectra shown in the Supporting Information of Ref. [S1]). Baseline correction turned the 

determination of band widths independent from the wavenumber range selected for peak fitting. 

As shown in Figure S1a, Lorentz functions of the form 

 

 𝑦 = 𝑦0 +
2𝐴

𝜋
(

𝐹𝑊𝐻𝑀

4(𝑥−𝑥𝑐𝑒𝑛𝑡𝑟𝑒)
2+𝐹𝑊𝐻𝑀2

) (S1) 

 

 



 S4 

describe the shape of the acquired Raman bands very well, even though the signals are known to 

be folded with a – in this case obviously small – contribution from instrument-related Gauss-

shaped broadening resulting in Voigt profiles [S2, S3]. Peak fitting can increase the spectral 

resolution by about one order of magnitude [S1, S4], as can be observed especially around the 

peak maximum in Figure S1a, b. In the shown example of the most prominent band of anhydrite II 

(800°C burning temperature) at 1017.2 cm-1, no significant change of the obtained band full width 

at half maximum (FWHM) was observed when the fit range was reduced from 1005 cm-1 

…1030 cm-1 (Figure S1a) to 1016.7 cm-1 … 1030 cm-1 (Figure S1b), and thus, starting only 

0.5 cm-1 below the peak maximum. Such restricted fit ranges are needed in the analysis of the 

spectra of gypsum mortars containing the spectrally overlapping contributions from both, anhydrite 

II and gypsum. 

 

It is important to note that according to our experience the Trust Region (Dogleg) method for fitting 

of Lorentzian functions to both, single anhydrite and overlapped gypsum and anhydrite bands 

yielded by far more often converging and meaningful results than the Levenberg-Marquardt 

method. The latter performs faster and can be proposed for very weak peaks but fails often for 

strong bands. The Trust Region (Dogleg) peak fitting was performed using LabVIEW’s Constraint 

Non-Linear Regression (Levenberg-Marquardt / Dog Leg) Virtual Instrument in a home-made 

software that was used for analysis of mapping data. 

 

In Raman maps of anhydrite crystals in gypsum mortars, widths of the most prominent anhydrite II 

band are also accessible by fitting with Lorentz functions. In such samples at most measurement 

points both, gypsum and anhydrite were detected. As simultaneous fitting of the two overlapping 

bands of gypsum and anhydrite with a sum of two Lorentzians of the form 
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turned out to converge and yield meaningful results only for a small fraction of the up to 11000 

spectra in a Raman map of this study, single Lorentzian fits of the anhydrite bands were performed 

while reducing the influence of the neighbouring gypsum peak as much as possible. Peak fits 

starting at a wavenumber position only 0.5 cm-1 below the maximum converged for almost all 

Raman signals exceeding a certain intensity threshold. At pixels with strong anhydrite signals, the 

single-peak fit within the restricted range of 0.5 cm-1 below the band maximum up to 1030 cm-1 

yielded almost the same full width at half maximum (FWHM) as double-peak fits performed in 

selected spectra. For example, a spectrum taken from the Raman map shown in Figure 2 in the 

main text yields an FWHM of the anhydrite band of 3.39 cm-1 (Figures S1c) for the double-peak 

and of 3.43 cm-1 (Figure S1d) for the single-peak fit. As due to differences in crystal stress and 

strain, Raman bands can shift within one wavenumber in a Raman map of such samples, and the 

band shifts can be offset by up to 1 cm-1 due to slight variations of the day-to-day spectrometer 

calibration and drifts of the laser and instrument as well, this starting value had to be adapted for 

every Raman map. The starting point was set 1 cm-1 below the average Raman shift of anhydrite in 

every map, so that in any case peak fitting began at least 0.5 cm-1 below each band maximum, 

which was necessary to correctly fit the peak maximum. 
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When looking at the gypsum band at 1008 cm-1 in Figure S1c, slight differences between the 

Lorentz function describing this peak (green) and the sum of both Lorentzians (blue) are observed, 

indicating effects of the neighbouring anhydrite peak. When applying a similar single-peak fit 

procedure starting at 1000.5 cm-1 and ranging up to 1008.5 cm-1, that is 0.5 cm-1 above the peak 

maximum, an overestimation of the FWHM of 0.1 cm-1 is observed. From this we can conclude that 

for anhydrite peaks neighbouring gypsum peaks that are approximately twice as strong, an 

overestimation of the FWHM by the single-peak fit of around 0.1 cm-1 is expected. According to the 

curve in Figure 1b in the main text, systematic errors of this order of magnitude do not affect the 

estimation of burning temperatures within ± 50 K, which is a conservative estimation of the 

uncertainty level that is influenced by many parameters, such as the oven atmosphere and data 

analysis. Significantly smaller peaks were excluded from data analysis by defining an intensity 

threshold level in the software, as for weak peaks often the Lorentzian fitting did not yield 

meaningful results anyway. Setting of the threshold level and manual inspection of the agreement 

between fit functions and spectra (for example, by at least checking the pixels with maximum and 

minimum values of peak intensities, wavenumber shifts, and FWHMs) are crucial parts of the data 

analysis process. 

 

Distribution maps of different mineral phases are based on the determination of background-

corrected intensities of a selected marker band of each phase in every pixel of a map. Background 

correction was performed for each band individually by calculating a linear baseline from a 

wavenumber slightly below to one slightly above the investigated band, and the peak height with 

respect to that baseline was calculated. For the two overlapping bands at 1008 cm-1 and 1017 cm-1 

of gypsum and anhydrite, respectively, one of the start points of the baselines was the minimum 

between the two peaks enabling sufficient separation of both contributions, so that the baselines 

were calculated from 996 cm-1 to 1013 cm-1 for gypsum and from 1013 cm-1 to 1026 cm-1 for 

anhydrite, and the peak heights above these baselines at 1008 cm-1 and 1017 cm-1 were 

calculated and plotted in two-dimensional maps in false-colour representations with red, green, and 

blue, respectively, representing the highest and black the lowest Raman intensities. 

 

 

 
Fig. S2: Scanning electron micrographs acquired using backscattered-electron detection in the high-

vacuum mode (approx. 10-4 mbar) of an environmental scanning electron microscope (ESEM) 
showing gypsum (starting material of the burning experiments) and anhydrite synthesised at 
500°C and 1000°C, respectively. 
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Thermal history of anhydrite grains 
 

 
Fig. S3: (a) Light micrograph acquired with crossed nicols of a partially hydrated cluster of fibrous 

anhydrite crystals in a high-fired medieval gypsum mortar, (b, c) Raman intensity maps showing 
the distributions of anhydrite (red, based on the background-corrected intensity at 1017 cm-1) and 
gypsum (green, 1008 cm-1), and (d) Raman band width map of the most prominent anhydrite II 
band at 1017 cm-1 indicating the burning temperature (sample: stucco decoration from the church 
St. Peter above Gratsch).  
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The Raman map shown in Figure S3 concerns an aggregate of remnant thermal anhydrite crystals 

with fibrous habit. Individual structures are approximately 20 µm to 40 µm long. The mean FWMH 

of the Raman band at 1017 cm-1 of 3.6 cm-1 (n = 2908) can be related to a similarly high firing 

temperature of 850°C as found for the granular anhydrite shown in Figure 2 in the main text. 

 

Pyrometamorphic reactions involving natural impurities of the gypsum rock 
 

Carbonate minerals 
 

 
Fig. S4: (a) Light micrograph acquired with parallel and (b), and crossed nicols of a calcined, hydrated 

and carbonated dolomitic lime fragment in the binder matrix of a medieval gypsum mortar, and (c) 
Raman intensity map revealing the distribution of calcite, gypsum, and magnesian calcite 
(sample: stucco decoration from the church St. Peter above Gratsch). Figure (c) is the same as 
Figure 4b in the main text (see main text for further explanations).  
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Fig. S5: (a) Light micrograph acquired with parallel and (b) crossed nicols of a cluster of gypsum and 

hydrated magnesium sulphate as revealed by the (c, d) Raman intensity maps showing the 
lateral distributions of anhydrite, gypsum, hydrated MgSO4, dolomite, and calcite (pieta sculpture, 
Marienberg above Burgeis). Figure (c) is the same as Figure 5c in the main text (see main text for 
further explanations). 
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Fig. S6: (e) Exemplary Raman spectra, (f, g) intensity and (h) band width distribution maps of a detail in a 

medieval gypsum mortar containing an assemblage of anhydrite, gypsum, calcite, magnesian 
calcite, and hydrated magnesium sulphate (sample: pieta sculpture, Marienberg above Burgeis). 
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Figure S6 reveals a relatively small excerpt of a high-fired medieval gypsum mortar of only 

20 µm x 20 µm (mapped with 20 x 20 Raman measurements) in which pyrometamorphic and 

hydration reaction products of the dolomitic starting material in the form of calcite, high magnesian 

calcite (here, containing even approx. 20 mol% MgCO3) and hydrated MgSO4, as well as the 

sulphate source anhydrite, partly rehydrated to gypsum, are colocalised. This map was performed 

on a different part of the mortar sample employed in the previous proof-of-concept study [S1]. The 

calcination temperatures of approx. 650°C, estimated based on anhydrite FWHMs, yield a 

microspectroscopic “fingerprint” in conformity with previously analysed thermal anhydrite grains 

spread in the hydrated binder matrix with average FWHMs of approx. 4.2 cm-1, while the grains 

yielding lower band widths represent natural anhydrite (compare Figure 4 in Ref. [S1]). 
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Sheet silicates 
 

 
Fig. S7: (a, b) Excerpts from an exemplary Raman spectrum including contributions from phlogopite and 

forsterite, (c) distributions of forsterite, phlogopite and magnesium-rich chlorite as well as (d) 
changes in the intensity ratio of the two main bands of forsterite due to crystal orientation effects 
(sample: stucco decoration in the church St. Benedikt in Mals). 
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Figure S7a and b show exemplary spectra of an assemblage of the olivine group member 

forsterite Mg2SiO4, the mica phlogopite KMg3(AlSi3O10)(OH,F)2 and magnesium-rich chlorite, thus, 

like Figure 6 in the main text Figure S7c indicates pyrometamorphic conversions of a 

phyllosilicate into olivine. Only excerpts of the spectra of phlogopite are shown due to strong 

luminescence emission from the sheet silicates yielding a baseline that strongly raises with 

increasing wavenumbers. As in the spectra only a faint contribution from the 667 cm-1 band in the 

form of a shoulder is observed, it can be concluded that in contrast to the detail of the grain chosen 

for the Raman map in Figure 6, the Mg-chlorite is nearly completely consumed.  

 

 
 

Fig. S8: (a) Light micrographs acquired with parallel and (b) crossed nicols of a grain of firing products 
found in the same mortar as shown in Figure S7 and in Figure 8 in the main text. Figures (c, d, e) 
are Raman intensity maps and Figure (f) reveals the Raman band width distribution in the area 
marked in the light micrograph (sample: stucco decoration in the church St. Benedikt in Mals). 

 

Figure S7d reveals changes of relative intensities of the two prominent forsterite bands at 825 cm-1 

and 857 cm-1 (here expressed as intensity ratios) due to local changes in crystal orientations. This 
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effect was demonstrated by H. Ishibashi et al. who determined the crystallographic orientations of 

Fo89Fa11 olivine grains by comparing Raman spectroscopy and electron backscatter diffraction 

analysis [S5]. 

 

Figure S8 underlines that temperatures necessary for the pyrometamorphic conversion of Mg-rich 

chlorite into olivine have been reached during manufacture of the binder. The Raman band widths 

of thermal anhydrite II measured in a cluster of firing products found in the same mortar indicate a 

burning temperature of approx. 800°C (Figure S8f). The overlay of the intensities of two different 

anhydrite bands at 1017 cm-1 and 1129 cm-1 reveals different crystal orientations (according to Ref. 

[S6]) and enables a more precise identification of individual grains. Comparison of band intensity 

and width maps confirms the independence of Raman band widths from crystal orientation effects 

(only affecting relative band intensities), which was demonstrated in Ref. [S7]. 
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