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Abstract 

The study, dedicated to Beautiful Pietàs conserved in South Tyrol (Northern Italy), aims to establish, for the first time, 
a connection between Austroalpine raw materials and the high-fired gypsum mortars constituting the Gothic figure 
groups in question. The origin and chronology of this stylistically and qualitatively differing ensemble have been sub-
ject of art historical debate for nearly a century. The discourse is dominated by three main hypotheses: itinerary of an 
Austrian artist versus itinerary of the work of art created in an artist’s workshop in Austria versus itinerary of the stylistic 
vocabulary via graphical or three-dimensional models. The comparison of the δ34S values and the 87Sr/86Sr ratios of 
the gypsum mortars and Austroalpine sulphate deposits (in a compilation of own reference samples and literature 
data) points to the exploitation of sediments in the Salzkammergut and possibly also in the evaporite district of the 
Eastern Calcareous Alps, thus evidencing the import of the sculptures and not the activities of local South Tyrolean or 
itinerant artists. Two geochronological units are distinguishable: The Pietà in the Church St. Martin in Göflan can be 
assigned to Upper Permian raw material, whereas the metrologically consistent sculptures in the Church of Our Lady 
of the Benedictine Abbey Marienberg and in the Chapel St. Ann in Mölten correlate with deposits of the Early Triassic 
(or the Lower-Middle Triassic transition). The medieval gypsum mortars also differ in their mineralogical characteristics, 
i.e. in their geologically related minor components, as in the first case, characterised by a significant proportion of pri-
mary anhydrite, natural carbonate impurities mainly consist of calcite (partly converted to lime-lump-like aggregates), 
whereas in the second group dolomite (or rather its hydration products after pyrometamorphic decomposition) pre-
dominates, accompanied by celestine, quartz and potassium feldspar. The Pietà in the Cathedral Maria Himmelfahrt in 
Bozen turned out to be made of Breitenbrunn calcareous sandstone (Leitha Mountains, Burgenland, Austria), which is 
why the sample is not considered in the geochemical analysis.
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Introduction
For nearly a century the phenomenon of itinerant artists 
has been a subject of debate in the art historical research 
field of the Gothic Beautiful Madonnas and Pietàs. The 
spread of such figure groups in Central Europe and the 
Apennines around 1400 is explained by the activities 
of Bohemian, Viennese, Salzburg or Hungarian “Wan-
dermeister” [1–5], possibly appointees [6, 7], economic 
migrants [8], etc. In the art historical discourse, the itin-
erary of the artist is opposed to the itinerary of the work 
of art in terms of large-scale production of Madonnas and 
Pietàs intended for the export [1, 9–26]. Furthermore, 
also their creation in local workshops or artists’ colonies, 
be it under the direct influence of itinerant artists or due 
to the transfer and appropriation of the stylistic vocabu-
lary through the medium of pattern books and independ-
ent prints or three-dimensional models, is discussed [2, 7, 
14, 19, 23, 27–29].

The study at hand is dedicated to an ensemble of Beau-
tiful Pietàs conserved in South Tyrol (Northern Italy), 
whose reception history mirrors the mentioned cen-
tral lines of the art historical argumentation. By way of 
example, the Pietà exhibited in the Cathedral Maria 
Himmelfahrt in Bozen is attributed to a Salzburg [9, 17] 
or Carinthian [30, 31] workshop, to a nameless itiner-
ant Bohemian artist [4] or to Hans of Judenburg (Styria, 
Austria), who was responsible for the design and the cre-
ation of the high altar in the parish church of Bozen in 
the early 1420s [32, 33]. The delicate figure group is clas-
sified as model or inspiration for local creations, even if 
realised in modified proportions, postures and emotional 
expressions: The three Pietàs in the Church of Our Lady 
of the Benedictine Abbey Marienberg above Burgeis, the 
Chapel St. Ann in Mölten and the pilgrimage church Our 

Lady of the Seven Dolours in Cavalese (Fiemme Valley, 
Trentino) bear substantial resemblance, for which rea-
son Eva-Maria Kreuzer-Eccel [33, 34] favours a common 
provenance in the form of a local workshop. In contrast, 
Carl Müller [9] hypothesises an import from Salzburg, 
whereas Louis Springer [30, 31] and Nicolò Rasmo [35, 
36] subsume the three figure groups as the oeuvre of 
an itinerant Salzburg artist. Similarly, the Pietà in the 
Church St. Martin in Göflan is graded by Carl Müller 
[9] as coarsely sculpted and thus local work; in contrast, 
Louis Springer [30] relates the figure group as a primi-
tively simplified piece to the workshop of the master of 
the Virgin Mary in the pilgrimage church of Our Lady on 
the Gmain in Großgmain (State of Salzburg, Austria).

The art historical hypotheses and lines of reasoning 
formed in the course of the twentieth century are based 
primarily upon stylistic observations (elaboration of dis-
tinct details such as drapery, side parts and corner-pieces 
of the throne bench, “Dreihändespiel”, etc.) and histori-
cal investigations, not unaffected by the respective con-
temporary body of thought [37]. The present study aims 
to resume the scholarly discussion on the provenance 
of four exemplarily selected Beautiful Pietàs by making 
use of traces of the raw material embodied in the high-
fired gypsum mortars constituting the figure groups in 
question, as little variations in the execution of the basic 
shape and related details do not allow to unambiguously 
deduce the source area. Overarching analytical meth-
odology is the petrographic study of Austroalpine gyp-
sum deposits and medieval mortars by a combination 
of microscopic and spectroscopic techniques. The main 
emphasis of these observations is on geologically related 
minor components of the sample material. As sedimen-
tary or evaporite deposit, gypsum CaSO4·2H2O is often 
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associated with carbonate minerals (calcite CaCO3, mag-
nesite MgCO3, dolomite CaMg(CO3)2), sulphates (anhy-
drite CaSO4, celestine SrSO4), quartz SiO2, feldspars as 
well as phyllosilicates like clay minerals or members of 
the mica and the chlorite group [38, 39]. Mineralogy and 
amount of such natural impurities vary locally. Hendrik 
Visser and Albrecht Wolter mention the possibility to dif-
ferentiate gypsum beds and hence gypsum mortars from 
Schleswig–Holstein and the Harz in Northern Germany 
on the basis of the presence of accompanying magnesite 
or dolomite, respectively [40], since high-fired gypsum 
mortars consist mainly of the rehydrated binder, i.e. in 
the majority of cases no mineral aggregates were added 
[41–43].

Beyond that, the geochemical comparison of sulphur 
and strontium isotopic signatures is included in the 
research work as additional indicator of origin, as the 
variability between alpine gypsum beds only regarding 
their mineral assemblage is too restricted for a documen-
tation of provenance. In geological and environmental 
studies, the 87Sr/86Sr ratio has proved valuable—along 
with δ34S and δ18O—in determining the depositional 
age of calcium sulphate layers, since significant amounts 
of strontium can be incorporated in the crystal lattice of 
gypsum and anhydrite in substitution for calcium ions. 
Apart from that, most of the mainly Permian and Triassic 
evaporitic sediments in question contain accessory celes-
tine, which, according to the literature [44, 45], survives 
the typical medieval calcination temperatures of about 
900 °C without structural alterations.

Materials and methods
Samples
Samples of the high-fired gypsum mortars were taken 
from the Beautiful Pietàs in the Cathedral Maria Him-
melfahrt in Bozen, the Church of Our Lady of the Ben-
edictine Abbey Marienberg above Burgeis, the Chapel 
St. Ann in Mölten and the Church St. Martin in Göflan 
(see Fig.  1). Reference samples of South Tyrolean and 
Austrian gypsum deposits were collected in the course of 
geological field work and provided by the Natural History 
Museum (Vienna, Austria), Geologische Bundesanstalt 
(Vienna, Austria) and the Museum für Naturkunde (Ber-
lin, Germany).

Polarised light microscopy
The gypsum mortars and stones were prepared for 
analysis in a specialised laboratory by embedding in 
epoxy resin under vacuum and manufacturing polished 
thin sections (30  µm thickness), which were studied 
under polarising light microscopes (Leica Microsystems 
Laborlux equipped with ProgRes SpeedXT3 and Zeiss 

AxioScope.A1 MAT equipped with AxioCam MRc) in 
transmitted polarised light.

Raman microspectroscopy
Identifications of mineral phases by polarised light 
microscopy were complemented by Raman microspec-
troscopic single-point measurements or two-dimen-
sional mapping experiments. The resulting spectra were 
assigned by comparison with reference data from the 
RRUFF database library [46]. Thin-sectional samples 
were analysed by employing a LabRam HR 800 Raman 
microscopy system (Horiba JobinYvon) equipped with 
a BX41 microscope (Olympus). A 532-nm green laser 
beam was focused by a 50×/NA = 0.75 objective lens 
(with NA denoting the numerical aperture) onto the 
sample surface, and the backscattered light collected 
by the same lens—after passing two 532-nm edge fil-
ters—was fed into a dispersive spectrograph with a 
1800-mm−1 grating and a liquid-N2 cooled (−  130  °C 
operating temperature) charge coupled device (CCD) 
detector (Symphony, Horiba Jobin Yvon). See Ref. [47] 
for further details. The Raman microspectroscopic 
maps shown in Fig.  3 and 7 were acquired by focus-
ing 15 mW laser power (50% of the maximum available 
power) onto a thin-section and mapping the sample by 

Fig. 1  Pietà in the Church of Our Lady of the Benedictine Abbey 
Marienberg (height 135 cm × width 100 cm × depth 45 cm) (top, 
left), Pietà in the Chapel St. Ann in Mölten (105 cm × 80 cm × 35 cm) 
(right), Pietà in the Cathedral Maria Himmelfahrt in Bozen 
(85 cm × 95 cm × 35 cm) (bottom, left) and Pietà in the Church St. 
Martin in Göflan (60 cm × 40 cm × 25 cm) (right)



Page 4 of 17Dariz et al. Heritage Science           (2022) 10:37 

movement through the focal volume with a step size of 
1 µm × 1 µm and acquisition of a Raman spectrum (aver-
age of 3 acquisitions of 5 s each or 3 × 5 s, respectively) 
ranging from 860 cm−1 to 1330 cm−1 at every measure-
ment spot with a spectral resolution of approx. 0.4 cm−1 
per CCD pixel. Raman phase distribution maps were 
calculated by plotting baseline-corrected peak heights of 
the following marker bands as intensities of false colours: 
984  cm−1 (hexahydrite, yellow), 1008  cm−1 (gypsum, 
green), 1017  cm−1 (anhydrite, red), 1086  cm−1 (calcite, 
blue), and 1101  cm−1 (high magnesian calcite, cyan; 
evaluation of the falling edge of a broad band). With the 
same instrument, using a Peltier-cooled CCD detector 
(Syncerity, Horiba Jobin Yvon; − 60 °C), 20 Raman maps 
each of three powdered gypsum stone samples having the 
same pixel sizes and consisting of 70 × 70 = 4900 spectra 
(2 × 0.5  s acquisition time per spectrum) were acquired 
with the aim of detecting mineral phases also at trace lev-
els, below the detection limit of powder X-ray diffraction 
analysis (see Additional file 2: Figs. S4–S8 in the Results 
and Discussion).

The Raman maps shown as Additional file  2: Figs. S9 
and S10 in the Results and Discussion were acquired 
using a table-top Jasco NRS-4100 Raman micros-
copy system coupled to an upright Olympus micro-
scope, equipped with notch filters and a CCD detector 
(Andor; −  60  °C). A diode-pumped solid-state laser 
with a wavelength of 532  nm was focused by a 100 × /
NA = 0.9-objective lens onto the sample surface. In order 
to avoid sample damage, the laser power was attenu-
ated to 10% of the original power, or to 0.6 mW respec-
tively, by inserting neutral density filters into the beam 
path. The collected backscattered light (acquisition 
time: 2 × 2  s) was dispersed by a spectrometer grating 
having 1800 lines per mm, resulting in spectra ranging 
from 50 cm−1 to 1995 cm−1 with a resolution of around 
1.2 cm−1 per CCD pixel. The analysed marker bands and 
false colours are: 350  cm−1 (pyrite, yellow), 451  cm−1 
(rutile, white), 509  cm−1 (albite, cyan), 511  cm−1 (pla-
gioclase, cyan), 686 cm−1 (chlorite/phlogopite, magenta), 
706  cm−1 (muscovite, brown), 965  cm−1 (apatite, 
magenta), 1000  cm−1 (celestine, blue), 1008  cm−1 (gyp-
sum, green), 1302 cm−1 (haematite, red).

Sulphur isotope analyses
Sulphur isotope ratios were determined at the Geobiol-
ogy Stable Isotope Laboratory (GIL) at the Department of 
Earth Sciences, University of Toronto (Canada). Tin cap-
sules enclosing approximately 160  μg of powdered and 
homogenised sample were introduced into a Eurovec-
tor Elemental Analyzer (EA3000 series) and flash com-
busted under oxygen atmosphere. The resulting sulphur 
dioxide gas was introduced via an open split interface 

(Conflo III) to a continuous-flow isotope ratio mass spec-
trometer (CF-IRMS, Finnigan MAT 253). The measured 
sulphur isotope ratios were calibrated against NBS 127 
(δ34S =  + 21.12‰), IAEA-SO-5 (δ34S =  + 0.49‰) and 
IAEA-SO-6 (δ34S = −  34.05‰) distributed by the Inter-
national Atomic Energy Agency; an in-house barium 
sulphate BaSO4 standard (δ34S =  + 8.9‰) was used to 
monitor for instrument drift. Precision was measured 
by the repeated analysis (n ≥ 10) of NBS 127 and the 
GIL inhouse standard, which yields a 1-σ error of 0.11‰ 
and 0.28‰ respectively. All values are reported as δ34S 
relative to the Vienna-Canyon Diablo Troilite (V-CDT) 
standard using the conventional delta notation [48].

Strontium isotope and mass fraction analyses
Strontium isotope analyses were carried out in a metal-
free cleanroom at the Federal Institute for Materials 
Research and Testing, Department of Analytical Chem-
istry; Reference Materials, Division 1.1 Inorganic Trace 
Analysis, in Berlin (Germany) by using ultrapure rea-
gents. For extraction over a period of 7 to 10 days 10 mL 
of Milli-Q water was added to 10 to 20  mg of crushed 
sample material, sometimes supporting the release of 
strontium ions by gentle heating at 80  °C on a hotplate. 
Thereafter, the sample solution was centrifuged to sepa-
rate very few remaining and mostly coloured particles.

For quantitative strontium analyses by inductively cou-
pled plasma mass spectrometry (ICP-MS) 10 to 100  µL 
of the centrifugate were diluted to a nominal mass frac-
tion of 1 to 200 µg/kg to match the dynamic ranges of the 
instruments. External calibration was carried out with or 
without internal standardisation, depending on the final 
matrix dilution. The relative expanded measurement 
uncertainty was assessed to be 20%, including contribu-
tions from sample preparation, dilution, repeatability of 
the measurements and calibration standards.

A subsample of the centrifugate containing approxi-
mately 5  µg strontium was further prepared for stron-
tium isotope ratio analyses by thermal ionisation mass 
spectrometry (TIMS): The subsample was evaporated to 
dryness and redissolved in nitric acid, before perform-
ing a separation of strontium from matrix on Eichrom 
Sr Spec resin (Triskem International, Bruz, France). The 
obtained strontium fraction was repeatedly evaporated 
to dryness and redissolved to yield a solution with a 
final strontium mass fraction of 100  ng/µL. After load-
ing 1  µL of this solution on a rhenium single filament 
together with a tantalum pentachloride TaCl5 activa-
tor, the filament was mounted on a sample turret, which 
was inserted into a Sector 45 type multi-collector TIMS 
instrument (Micromass, Manchester, United Kingdom). 
The instrument was run in dynamic multi-collection 
mode with automated measurement procedures, yielding 
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conventional 87Sr/86Sr isotope ratios; this includes cor-
rections for the 87Rb interference on 87Sr, the correction 
of the instrumental isotope fractionation via the fixed 
value of 86Sr/88Sr = 0.1194 using the power law and finally 
a normalisation of the 87Sr/86Sr reference value for the 
certified NIST SRM 987 strontium carbonate isotopic 
standard (National Institute of Standard and Technology, 
Gaithersburg, United States) [49, 50]. The typical repeat-
ability for 200 replicates within one filament, expressed as 
twice the standard error (2SE), was 0.000012, the repro-
ducibility, as obtained on 8 independently prepared sam-
ples measured 31 times in total, was 0.000004. For quality 
control, NIST SRM 987 and NASS-6 Seawater reference 
material for trace metals (National Research Council 
of Canada, Ottawa, Canada) were processed the same 
way as the gypsum samples except for the extraction. 
The obtained 87Sr/86Sr isotope ratios agreed well with 
the reference values within their uncertainties. Based 
on the validation and quality control data, an expanded 
measurement uncertainty U (k = 2) of 0.000024 was cal-
culated. A detailed description of the strontium isotope 
ratio and mass fraction analyses is given in the Additional 
file 1: Materials and methods.

Results and discussion
Petrographic characteristics of the high‑fired gypsum 
mortars
In view of the distinguishing fine-grained debris of for-
aminifers, the Beautiful Pietà in the Cathedral Maria 
Himmelfahrt in Bozen turned out to be made of Breiten-
brunn calcareous sandstone (Leitha Mountains, Burgen-
land, Austria) (see Additional file 2: Fig. S2, which can be 
found in the Results and Discussion like all Figs. Sx and 
Tables Sx (with x denoting numbers) mentioned below). 
As this finding immediately conflicts with the presumed 
materiality and the hypothesised South Tyrolean origin 
at once, the sample is not further considered in the geo-
chemical analysis.

A minor component of the high-fired gypsum mortar 
of the Pietà in the Church of Our Lady of the Benedictine 
Abbey Marienberg is thermally stressed primary anhy-
drite from the gypsum deposit (approximately 5% [51, 
52]) (Fig. 2). Natural carbonate impurities mainly consist 
of dolomite (dedolomite? [53]), partly converted after 
thermal decomposition and hydration to lime-lump-like 
grains and aggregates comprising calcite, high magnesian 
calcite (Ca,Mg)CO3 and hydrated magnesium sulphate 
phases such as hexahydrite MgSO4·6H2O and epsomite 
MgSO4·7H2O [54] (Fig.  3). The significant presence of 
accompanying dolomite thus serves as criterion for nar-
rowing down the geographic position of the exploited 
evaporitic sediments. Other accessory minerals scattered 
in the binder matrix are celestine, quartz and potassium 

feldspar KAlSi3O8. We interpret single marly fragments 
(Fig. 4) as natural impurities associated with the sulphate 
body and not as deliberately added ceramic aggregates.

The petrographic characteristics of the sample belong-
ing to the Pietà in the Chapel St. Ann in Mölten conform 
to the properties of the one taken from the Pietà in the 
Abbey Church Marienberg (Figs. 5–6).

Noticeable feature of the mortar constituting the 
Pietà in the Church St. Martin in Göflan is a consid-
erable proportion of primary anhydrite of about one 
fourth (Figs.  7, 8). For distinguishing such natural 
from thermal anhydrite and establishing the medi-
eval calcination temperatures, a recently developed 
Raman-spectroscopic method was applied. The crystal-
linity of thermal anhydrite—characterised by crystal-
lite sizes, specific surface areas and number of crystal 
lattice defects—was found to rise with increasing fir-
ing temperature. This parameter can be quantified by 
means of the band width or full width at half maximum 
(FWHM), respectively, of the most prominent Raman 
band of anhydrite. In the present case of the cluster 
of fibrous anhydrite shown in Fig.  7b, a mean FWHM 
of 3.8  cm−1 (uncorrected value according to Ref. [52]) 
speaks for thermal anhydrite formed at around 700 °C, 
while the significantly higher crystallinity—and thus 
lower band width of approx. 3.5  cm−1—of the anhy-
drite grains in Fig.  7c points out their primary origin. 
(Refs. [51, 52, 54] explain the determination of burn-
ing temperatures in the range of 600  °C to 900  °C and 
detail the applied peak fitting strategies for measuring 
FWHMs.) Beside the first-mentioned grains of firing 

Fig. 2  Fragment of primary anhydrite with signs of thermal 
outgassing in the high-fired gypsum mortar constituting the Pietà 
in the Abbey Church Marienberg (transmitted light, parallel/crossed 
Nicols). In thin sections, anhydrite is clearly distinguishable from 
gypsum due to its higher light refraction and birefringence, i.e. in 
this case grey interference colours of the gypsum matrix versus up to 
blue interference colours of the anhydrite grains having higher relief
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products, lime-lump-like aggregates, but also thermally 
undamaged calcite and rare dolomite (Additional file 2: 
Fig. S1) from colder temperature zones in the commi-
nuted gypsum stones and/or the kiln are embedded in 
the matrix. Red to brownish mudstone and subordi-
nate iron oxides, probably partly due to the oxidation 
of pyrite FeS2 to haematite Fe2O3 during calcination, 
again trace back as natural impurities to the raw gyp-
sum. (See Additional file 2: Table S1 for an overview of 

the mineralogical compositions of the materials form-
ing the Beautiful Pietàs.)

Isotopic signature as indication of provenance
Gypsum is deposited as evaporite salt in a brine pan 
(sound or saline lake) after the precipitation of the alka-
line earth carbonates [38, 55]. Most of the recoverable 
sedimentary sulphates in South Tyrol were laid down 

Fig. 3  Aggregate of pyrometamorphic and hydration reaction products comprising calcite, high magnesian calcite, hydrated magnesium sulphate 
phases (hexahydrite), anhydrite and gypsum in the binder matrix of the sample originating from the Pietà in the Abbey Church Marienberg: a 
transmitted light, crossed/parallel Nicols, and b Raman microspectroscopic map of the area highlighted in Fig. a showing phase distributions in 
false colours based on the intensities of marker bands. White areas are due to co-localisation along the optical axis of (high magnesian) calcite and 
hexahydrite

Fig. 4  Marly nodule with quartz grains (Q), carbonates (C), light and 
dark mica (M) and iron oxides (O) in the gypsum mortar of the Pietà 
in the Abbey Church Marienberg (transmitted light, crossed/parallel 
Nicols)

Fig. 5  In the centre a hydrated grain of firing products with 
carbonatic impurities—exhibiting bright, pastel interference colours 
due to the extremely high birefringence of calcite and dolomite—in 
the mortar sample belonging to the Pietà in the Chapel St. Ann in 
Mölten (transmitted light, parallel/crossed Nicols)
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under the arid conditions of the Triassic period (252–201 
million years ago): Marginal marine gypsum deposits of 
the Carnian (Upper Triassic, 237–201 Mya) are part of 
the Raibl Formation of the Ortler region in the Stilfs-Tra-
foi area (Prader alp, Patleigraben) and in the Martell Val-
ley on the slopes of the ridge between the Madritsch and 
the Peder Valley (“Auf den Vertainen”). Apart from that, 
local gypsum concretions are to be found in the form of 
centimetre thick layers or maximum fist sized nodules 
in the Groeden Sandstone (Upper Permian, 259–251 
Mya), the Bellerophon Formation (Upper Permian) and 
the Werfen Formation (Lower Triassic, 251–247 Mya) 
of the Etsch Valley (Tschöggelberg, Mendel ridge) and 
the Dolomites [56, 57]. In contrast to the South Tyrolean 
gypsum resources, the Upper Permian and Lower/Mid-
dle Triassic (Scythian/Anisian) evaporitic successions in 
Austria, from Hall in Tyrol in the Northern Calcareous 
Alps across the Salzkammergut in the broader sense and 
the Eastern Calcareous Alps to the gates of Vienna, were 
and are of great economic importance. The bodies of 
gypsum rocks of the Montafon and the Außerfern occur 
within the Raibl strata, and thus are classified as higher 
Carnian deposits [58–61].

Sulphates of oceanic origin of the same age show a 
usually very constant ratio of sulphur and strontium 
isotopes irrespective of the palaeographic position; 
fluctuations through geological time enable age deter-
mination and stratigraphic location of such evapo-
ritic sediments. Primary gypsum, thus not affected 
by diagenetic reworking or post-depositional altera-
tions (groundwater-induced recycling of sulphate 
ions, recrystallisation in the presence of radiogenic 

87Sr-bearing fluids, etc.), carries and retains the iso-
topic composition of the mother fluid from which it 
precipitated; sabkha milieu (marginal coastal salt flats) 
and fresh water inflow cause a shift of the values [38, 
58, 62–68]. The so-far uninvestigated issue of the sen-
sitivity of original δ34S value and 87Sr/86Sr ratio to the 
dehydration of gypsum to anhydrite during calcination 
at about 900  °C, as well as to “meteoric” inflow in the 
form of mixing (hydration) water added to the pow-
dered high-fired gypsum, was pursued via a small-scale 
burning experiment in a laboratory furnace (2  g pow-
dered sample, 900 °C, 4 h) followed by the rehydration 
of the resulting binder. According to Richard Worden 
et  al. [69] the original marine stratigraphic sulphur 

Fig. 6  Fragments of carbonatic impurities (C), an aggregate of 
(high magnesian) calcite and hexahydrite (H) as well as quartz grains 
(Q), occasionally with mineral inclusions, embedded in the binder 
matrix of the sample from the Pietà in the Chapel St. Ann in Mölten 
(transmitted light, parallel/crossed Nicols)

Fig. 7  Mortar sample taken from the Pietà in the Church St. Martin 
in Göflan: a transmitted light (parallel/crossed Nicols), and Raman 
microspectroscopic maps of b a cluster of fibrous thermal anhydrite 
crystals and c grains of thermally stressed primary anhydrite. FWHM 
denotes the full width at half maximum of the most prominent 
Raman band of anhydrite II, which enables to differentiate natural 
from thermal anhydrite and to deduce calcination temperatures, as 
described in the text and Ref. [52]
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isotope variation is preserved despite subsequent gyp-
sum dehydration to anhydrite during burial alteration. 
It became evident, that neither the calcination of gyp-
sum, albeit occurring in an eminently higher tempera-
ture range, involves significant isotopic fractionation. 
Similarly, the application of the calcium sulphate-based 
binder does not imply interference or masking of the 
primary signature in consequence of 87Sr/86Sr ratio and 
δ34S value of the mixing water. The direct relation to 
the seawater remains intact not least because of the 
presence of accessory celestine originating from the 
gypsum deposit and therewith a concentration of stron-
tium higher by several orders of magnitude compared 
to the mixing water; the same applies for the isotopic 
composition of the sulphate sulphur. Beyond that, dis-
solution and crystallisation reactions associated with 
the setting of the gypsum paste are—in contrast to 
large-scale geological processes, when sulphate evapo-
rite bodies become affected by meteoric water—a sin-
gle event of limited duration (no leaching, dissolution 
metamorphosis or repeated mineralisation processes, 
etc). We consider isotopic exchange reactions due to 
environmental influences or anthropogenic pollution of 
the air with sulphur components to be negligible, as the 
medieval figure groups were not exposed to weathering 
in the course of their history.

Within the framework of this study, the geographical 
localisation of possibly exploited deposits is pursued via 
the geochemical comparison of the high-fired gypsum 
mortars constituting the Beautiful Pietàs and reference 
samples of sulphate layers in South Tyrol and Austria, 
complemented by accessible literature data [60, 70–78]. 
Altogether, 78 datasets from 46 gypsum occurrences in 

Austria, Italy and Switzerland were evaluated (Fig.  9, 
Table 1, Additional file 2: Fig. S3) with the aim to iden-
tify resources, which can be ruled out almost with cer-
tainty. Therefore, upper limits of uncertainty ranges 
around mean isotope values were estimated. Due to the 
intrinsic heterogeneity of the analysed materials, the 
calculated measurement uncertainties (± 0.3‰ for δ34S 
and ± 0.000024 for 87Sr/86Sr, both representing upper 
limits; in the latter case the median of all uncertainties of 
measurement mainly excludes exceptionally low, outly-
ing uncertainty values) do not fully describe the inherent 
variations, which might be significant for the compari-
son of the isotope signatures; nevertheless, they were 
used as a starting point for the following estimations: As 
the mixing of calcined gypsum with water involves the 
homogenisation of the binder material, we estimate the 
characteristic standard deviations of the isotope ratios to 

Fig. 8  Traces of the raw material embodied in the form of clayey 
impurities and natural anhydrite in the high-fired gypsum mortar 
constituting the Pietà in the Church St. Martin in Göflan (transmitted 
light, parallel/crossed Nicols)

Fig. 9  Geographical distribution of evaporitic sediments (top), 
whose 87Sr/86Sr and δ34S isotopic signatures are known from either 
literature or measurements undertaken within the present study. 
The rectangles in the graphical representation (bottom) of the 
isotope values of both, Beautiful Pietàs under study and gypsum 
stones, represent the excerpts shown in Figs. 10 and 11. The full list 
of locations, assigned numbers and literature references is given in 
Table 1
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Table 1  Geochemical data of gypsum stones

Locality No. Source δ34S [‰] 87Sr/86Sr Measurement 
uncertainty

Ofenpass (GR, CH) 1 Present study  + 17.34 0.707708 0.000024

St. Maria, Val Schais (GR, CH) 2 Present study  + 16.49 0.707637 0.000060

Furkelhütte (BZ, IT) 3 Present study  + 16.66 0.707676 0.000024

Patleigraben (BZ, IT) 4 Present study  + 16.74 0.707895 0.000024

Außertrafoi (BZ, IT) 5 Present study  + 16.23 0.707765 0.000024

Prissian (BZ, IT) 6 Present study  + 29.65 0.708846 0.000024

Tramin (BZ, IT) 7 TRAMIN 2 from Ref. [70]  + 27.90 0.708289 0.000014

Naifjoch (BZ, IT) 8 Present study  + 10.15 0.713604 0.000024

Mölten (BZ, IT) 9 Present study  + 8.99 0.710330 0.000060

San Lugano/Truden (BZ, IT) 10a Present study  + 11.00 0.708007 0.000024

10b Present study  + 10.58 0.708720 0.000024

Bletterbachschlucht (BZ, IT) 11a Present study  + 9.83 0.708984 0.000024

11b Present study  + 11.98 0.707990 0.000024

11c BA 1 from Ref. [70]  + 11.40 0.707634 0.000007

11d BA 5 from Ref. [70]  + 11.30 0.708262 0.000007

Cavalese (TN, IT) 12 Present study  + 11.70 0.707242 0.000024

Schlern (BZ, IT) 13 Present study  + 9.58 0.709298 0.000024

Weißlahn/Aferer Geißler (BZ, IT) 14 Present study  + 12.21 0.707070 0.000024

Tschantschenon (BZ, IT) 15 Present study  + 12.92 0.707109 0.000024

St. Anton im Montafon (V, AT) 16 Present study  + 17.14 0.707742 0.000024

Hall in Tirol (T, AT) 17 KÖ 4 from Ref. [70]  + 24.50 0.707984 0.000009

Sulzgraben, Plumsjoch (T, AT) 18 SU 2 from Ref. [70]  + 12.70 0.707764 0.000008

Schichthals, Rofangebirge (T, AT) 19 SCHI 3 from Ref. [70]  + 15.80 0.707935 0.000009

Hallein (S, AT) 20 Present study  + 19.48 0.707520 0.000024

Dürrnberg, Hallein (S, AT) 21a SCHL 5 from Ref. [70]  + 11.10 0.707169 0.000009

21b SCHE 4 from Ref. [70]  + 10.90 0.707285 0.000009

21c O 13/9 from Ref. [70]  + 10.80 0.708563 0.000013

21d A 5 from Ref. [70]  + 11.50 0.707843 0.000012

Grubach-Moosegg (S, AT) 22a Present study  + 12.65 0.707455 0.000024

22b Present study  + 11.62 0.707187 0.000024

22c MO 14 from Ref. [70]  + 13.80 0.707220 0.000008

22d MO 26 from Ref. [70]  + 12.40 0.707197 0.000007

22e Present study  + 11.55 0.707067 0.000024

Webing (S, AT) 23 WE 23 from Ref. [70]  + 12.10 0.707651 0.000019

Grub (S, AT) 24 GRUB 4 from Ref. [70]  + 10.90 0.707017 0.000012

Karlgraben, Ramsau (ST, AT) 25 K 3 from Ref. [70]  + 11.00 0.707394 0.000009

Hallstatt (UA, AT) 26a Present study  + 14.13 0.708179 0.000024

26b Present study  + 28.96 0.708039 0.000024

26c FJ 17 from Ref. [70]  + 27.40 0.700824 0.000026

26d E 6 from Ref. [70]  + 10.90 0.707269 0.000008

26e TS 26 from Ref. [70]  + 9.80 0.709773 0.000011

26f TS 37 from Ref. [70]  + 10.40 0.708839 0.000020

26 g A 12 from Ref. [70]  + 11.90 0.707643 0.000012

Wienern, Grundlsee
(ST, AT)

27a WB 20 from Ref. [70]  + 24.30 0.707986 0.000025

27b WA 1G from Ref. [70]  + 12.00 0.707216 0.000008

27c WD 1 from Ref. [70]  + 12.60 0.707511 0.000019

Hintersteiner Alm, Pyhrnpass (UA, AT) 28a HIN 4 from Ref. [70]  + 11.20 0.707329 0.000011

28b HIN 12 from Ref. [70]  + 10.80 0.707354 0.000015

Fuchsalm, Spital am Pyhrn (UA, AT) 29 Present study  + 11.61 0.707431 0.000024
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be equal to their measurement uncertainties. This does 
not hold true for the reference materials taken from sul-
phate bodies of different heterogeneity and thickness, as 
the exact sampling location within a deposit or quarry 
might substantially affect the geochemical results. In fact, 
resampling of gypsum stones led—in contrast to repeated 
isotope analyses of the medieval mortars—to isotope 
values matching only within twice their measurement 
uncertainties. Hence, here we estimate the—a priori 
unknown—standard deviations to equal ± 0.6‰ for δ34S 
and ± 0.000048 for 87Sr/86Sr.

In case of normally distributed measurement values, a 
mean ± its double standard deviation theoretically cov-
ers 95.5% of the data. We therefore defined a missing 
overlap between twice the assumed standard deviations 
of gypsum mortar (2σ = 0.6‰ for δ34S and 0.000048 for 
87Sr/86Sr, respectively) and reference sample (2σ = 1.2‰ 
for δ34S and 0.000096 for 87Sr/86Sr, respectively) as the 
criterion for excluding potential raw materials with high 
probability. Gypsum stones overlapping in both their 

sulphur and strontium isotopic signature can be graphi-
cally identified by plotting mean values as the centres 
of rectangles in 87Sr/86Sr versus δ34S diagrams, whose 
dimensions represent the 2σ criterion (see Figs. 10, 11). In 
the following, the 14 evaporitic sediments (represented 
by 15 datasets) among the 46 considered Austroalpine 
gypsum deposits (78 datasets) fulfilling this condition, 
are further reflected upon their composition in terms of 
secondary constituents and subordinate minerals. Being 
aware that the standard deviation is—even though based 
on calculated measurement uncertainties—only an esti-
mation, we would like to point out that even doubling 
of the sulphur isotope ranges would not change the pre-
sented outcome insofar, as only some other samples from 
the most plausible occurrences would emerge as addi-
tional candidates.

The isotopic signature of the gypsum mortar of the 
Pietà in the Church St. Martin in Göflan (δ34S + 11.9‰, 
87Sr/86Sr 0.707052) matches Upper Permian evaporites 
[62, 65]. It correlates with the one of the South Tyrolean 

Table 1  (continued)

Locality No. Source δ34S [‰] 87Sr/86Sr Measurement 
uncertainty

Schildmauer, Admont (ST, AT) 30a SLD 5 from Ref. [70]  + 25.80 0.708345 0.000011

30b SLD 15 from Ref. [70]  + 26.70 0.708317 0.000011

Weng, Admont (ST, AT) 31 Present study  + 11.77 0.707263 0.000024

Johnsbachtal (ST, AT) 32 WO 2 from Ref. [70]  + 11.60 0.707310 0.000013

Kaswassergraben (ST, AT) 33a KWGR from Ref. [70]  + 27.20 0.708107 0.000016

33b KWG 6from Ref. [70]  + 11.10 0.707004 0.000019

Schießengraben, Radmer (ST, AT) 34 RAD 6 from Ref. [70]  + 11.10 0.708210 0.000039

Eisenerz (ST, AT) 35 Present study  + 12.48 0.714167 0.000024

Tragöß-Oberort (ST, AT) 36a TR 6 from Ref. [70]  + 11.40 0.707222 0.000011

36b TR 17 from Ref. [70]  + 11.20 0.706963 0.000025

Lamingtal, Bruck an der Mur (ST, AT) 37a Present study  + 11.15 0.708240 0.000024

37b Present study  + 11.63 0.707292 0.000024

37c Present study  + 11.52 0.707269 0.000024

Dürradmer, Mariazell (ST, AT) 38 DÜ 2 from Ref. [70]  + 11.70 0.707164 0.000011

Trübenbach, Ötscher (LA, AT) 39 TB 1 from Ref. [70]  + 23.50 0.707939 0.000017

Annaberg (LA, AT) 40 BERG 3 from Ref. [70]  + 11.40 0.707262 0.000035

Haidbachgraben, Semmering (LA, AT) 41 Present study  + 16.17 0.707739 0.000024

Göstritz (LA, AT) 42 Present study  + 16.12 0.707712 0.000024

Pfennigbach, Puchberg am Schneeberg (LA, AT) 43a Present study  + 12.15 0.707125 0.000024

43b PF 1 from Ref. [70]  + 11.50 0.707437 0.000024

43c PF 5 from Ref. [70]  + 11.50 0.707410 0.000018

Alland-Groisbach (LA, AT) 44 AHGI from Ref. [70]  + 10.70 0.707241 0.000024

Preinsfeld, Heiligenkreuz (LA, AT) 45a Present study  + 11.69 0.707809 0.000024

45b PR 3 from Ref. [70]  + 11.20 0.707407 0.000011

45c PR 1 from Ref. [70]  + 11.30 0.707637 0.000021

Mödling (LA, AT) 46 Present study  + 26.76 0.708107 0.000024

IT Italian, BZ provinces of Bozen/South Tyrol, TN Trento, CH Swiss, GR canton of the Grisons, AT Austrian, V Länder of Vorarlberg, T Tyrol, S Salzburg, ST Styria, UA Upper 
Austria, LA Lower Austria
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reference samples Tschantschenon and Weißlahn/
Aferer Geißler in the Villnöss Valley (Fig.  10), which, 
however, can be excluded as raw material in view of 
their very small percentage of anhydrite and their sig-
nificant amount of dolomite (Additional file 2: Table S2). 

Furthermore, the resulting values are in accordance with 
anhydrite and alabaster gypsum of Grubach-Moosegg 
near Golling (Salzburg) as well as gypsum originating 
from the quarry Pfennigbach near Puchberg am Sch-
neeberg (Lower Austria). Eberhard Fugger describes the 

Fig. 10  Geographical locations (top) and 87Sr/86Sr versus δ34S diagram (bottom) of gypsum bodies, which according to the 2σ criterion defined in 
the text match (red rectangles in the bottom diagram) with the geochemical signature of the mortar constituting the Pietà in the Church St. Martin 
in Göflan (blue)
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deposit of Grubach-Moosegg in 1878 as the presum-
able largest one in the Alps exposed without overlaying 
cap rock [79, 80]. The dominant sulphate bodies, hosting 
sulphide mineralisation including rare lead sulphosalts, 
are tectonically mixed with subordinate lenses of dark 
dolomite, dark-grey, green and red mudstones, pelagic 

limestones and marls, abundant plutonic and volcanic 
as well as rare metamorphic (serpentinite) rocks [58, 
81–85]. In both of the samples, the minerals calcite, 
magnesite, potassium feldspar, celestine and pyrite are 
detectable by means of microspectroscopic techniques in 
addition to the major components anhydrite and gypsum 

Fig. 11  Geographical locations (top) and comparison of isotope signatures (bottom) of the high-fired gypsum mortars sampled from the Pietà in 
the Abbey Church Marienberg and the Pietà in the Chapel St. Ann in Mölten (blue) with the 87Sr/86Sr and δ34S values of deposits (red), which might 
have been exploited for binder production
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(Additional file 2: Table S2, Fig. S4). The reference Pfen-
nigbach, again containing anhydrite, calcite, magnesite, 
dolomite, celestine, potassium feldspar and pyrite as geo-
logically related accessories (Additional file  2: Table  S2, 
Figs. S6–S8 and Ref. [86]), also pertains to one of the 
most extensive gypsum resources in the Eastern Alps, 
intercalated in argillaceous slate and slaty sandstones of 
the Werfen strata.

According to the geochemical data sets published by 
Christoph Spötl and Edwin Pak in 1996 [70] the depos-
its Grub near Abtenau and Dürrnberg above Hallein 
(Salzburg) in the Salzkammergut and Kaswassergraben 
in the Tamischbach Valley near Großreifling, Tragöß-
Oberort and Dürradmer near Mariazell (Styria) in the 
Eastern Calcareous Alps come into question as raw mate-
rial as well. Here again the minor and trace compounds 
mentioned in the literature do not allow to deduce con-
crete approaches for a shortlist, as similar and besides 
that consistent with the mineralogical properties of the 
high-fired gypsum mortar sampled from the Pietà in the 
Church St. Martin in Göflan:

The abandoned quarry Grub, depicted by Eberhard 
Fugger in 1878 as a gypsum body with marly and clayey 
impurities [79], lies associated with carbonates, haema-
tite and copper iron sulphides plus vulcanite fragments 
in Werfen slates [83]. The presence of a mélange of anhy-
drite nodules and beds, rock salt, saliferous clay and gyp-
sum in facies of the Haselgebirge Formation of the salt 
mine Dürrnberg is already mentioned by Eberhard Fug-
ger, too, [79] and confirmed by Christoph Spötl in 1988 
with complementary remarks on traces of a copper min-
eralisation [74]. The gorge Kaswassergraben exposes per-
vasively deformed Haselgebirge evaporites, fine-grained 
siliciclastic and carbonate rocks [70, 87, 88]. The essential 
characteristic of subordinate magnesite is not in line with 
the medieval gypsum mortar of relevance here. However, 
the hitherto absence of evidence of magnesite might be 
due to thermal decomposition to periclase MgO at about 
680  °C to 700  °C [89, 90] as well as slow hydration and 
carbonation via intermediate steps [91–94]. Gypsum lay-
ers interbedded with Werfen slates, quartzite, dark grey 
limestones and calciferous slates typify the gypsum mine 
Tragöß-Oberort. Also the deposit Dürradmer is asso-
ciated with Werfen strata; a red and green argillaceous 
slate and sandstone horizon separates an alternation of 
gypsum, dolomite and anhydrite  from nearly pure gyp-
sum [95, 96].

The isotopic fingerprints of the high-fired gypsum mor-
tars forming the two Pietàs in the Church of Our Lady 
of the Benedictine Abbey Marienberg (δ34S + 28.3‰, 
87Sr/86Sr 0.708262) and in the Chapel St. Ann in Mölten 
(δ34S + 28.4‰, 87Sr/86Sr 0.708255) are consistent within 
the measurement uncertainty and diagnostic of Early 

Triassic evaporites or successions of the Lower-Mid-
dle Triassic transition [62, 65], which points to gypsum 
deposits in the Werfen or Reichenhall Formation as 
raw material. Among the own Eastern Alpine reference 
samples only gypsum from Mödling (Lower Austria) 
in the southern conurbation of Vienna shows values of 
the Scythian/Anisian boundary (Fig.  11), including a 
matching mineralogical composition (Additional file  2: 
Table S2). From an art historical perspective this coher-
ence is intriguing insofar, as the identification of the 
material of the Pietà in the cathedral Maria Himmelfahrt 
in Bozen as Breitenbrunn calcareous sandstone neces-
sitates to establish ties to a workshop operating in the 
Vienna area. Moreover, distinct details such as Mary’s 
tightly belted dress, the drapery of the veil or the fringe 
blanket of the throne bench seem to be unique features 
of these three figure groups plus the Beautiful Pietà in the 
Church St. Andrew in Lienz (East Tyrol) [97].

To be considered isotope data from the literature [70, 
77, 98, 99] concern sediments close to Tramin in the 
South Tyrolean Etsch Valley and the salt mountain Hall-
statt in the Upper Austrian Salzkammergut. The gypsum 
lenses Kaswassergraben near Großreifling and Schild-
mauer near Admont, both in Styria, only narrowly meet 
the specified selection criterion of the double standard 
deviation. Concretionary nodules and centimetre thick 
layers occurring within silty marlstones and limestones of 
the Lower Triassic Werfen Formation (Cencenighe Mem-
ber) in the gorge Höllental and the Lungenfrischgraben 
in the vicinity of Tramin can be ruled out, as predomi-
nantly accompanied by carbonate minerals in the form of 
calcite [77]. In turn, the deposit of bituminous dolomitic/
anhydritic grey salt rock in the salt mine of Hallstatt is 
described in mineralogical consistency with the sampled 
medieval mortars as monotone alternation of calcite/
dolomite (partially dedolomitised) and anhydrite beds 
[59, 70, 74] (see also Additional file 2: Fig. S5). As already 
mentioned, the processing of gypsum originating from 
the Kaswassergraben should result in the presence of 
magnesite or its decomposition, hydration and carbona-
tion products in the binder matrix of the high-fired gyp-
sum mortars of both of the Beautiful Pietàs, but evidence 
is lacking at least based on the available sample material. 
According to Johann Haditsch and Otto Ampferer, cop-
per mineralisation (devilline CaCu4(SO4)2(OH)6·3H2O, 
chalcopyrite CuFeS2), fahlore (comprising bornite 
Cu5FeS4 and galena PbS), pyrite and haematite are to be 
found in the dolomite rich gypsum and anhydrite deposit 
Schildmauer, a detached sedimentary layer wrapped in 
Werfen slates [87, 100]. Christoph Spötl and Edwin Pak 
characterise the dark grey dolomite beds alternating with 
gypsum as peloidal packstones, partly containing acces-
sory detrital quartz [70] – a classification not met by the 
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dolomitic or rather carbonatic components of the mor-
tars constituting the figure groups in the Abbey Church 
Marienberg and the Chapel St. Ann in Mölten.

Conclusions and outlook
The combination of petrography (secondary constitu-
ents and subordinate minerals) and geochemistry (δ34S 
value and 87Sr/86Sr ratio) allows to overcome the absence 
of medieval documentary sources by establishing a con-
nection between Austroalpine raw materials and high-
fired gypsum mortars constituting three of the examined 
Gothic figure groups: the Upper Permian and Early Tri-
assic sulphate deposits exploited for the creation of the 
Pietà in the Church St. Martin in Göflan as well as the 
two metrologically consistent sculptures in the Church 
of Our Lady of the Benedictine Abbey Marienberg and 
the Chapel St. Ann in Mölten are probably not located 
in South Tyrol, but in the Salzkammergut in the Hasel-
gebirge Formation at the base of the Austrian Northern 
Calcareous Alps or in the Eastern Calcareous Alps. Thus, 
the results back up the hypothesis of an import of the fig-
ure groups shaped around 1400 in specialised workshops 
in the archdiocese of Salzburg and the duchies of Austria 
and Styria or rather the present Austrian Länder Salz-
burg, Upper and Lower Austria or Styria. (In contrast, the 
isotopic signatures of Early Medieval stucco fragments of 
St. Peter above Gratsch correlate with the fingerprint of 
Carnian gypsum layers in the Upper Vinschgau, which, in 
turn, cannot be differentiated from outcrops of the same 
age in the Schais Valley in the neighbouring Swiss canton 
of Grisons [101]).

It would be desirable to add distinct historical and 
archival threads of information on medieval mining to 
the geochemical discussion. The oldest reference to the 
application of gypsum as building or artist material in 
Austria dates back to the year 1465 (entry in the account 
book of the Benedictine Abbey Nonnberg in Salz-
burg), however without any indication of origin [102]. 
According to the mining area and dump register of the 
Geologische Bundesanstalt, gypsum is mined in the Salz-
kammergut at Grubach-Moosegg at least since 1613 [85], 
at Grub between 1963 and 1978; corresponding data con-
cerning the exploitation of the deposits Dürrnberg (1185 
until 1989) and Hallstatt (1311 till present) most probably 
only refer to the mining of rock salt. The quarry Pfennig-
bach in the Eastern Calcareous Alps is in operation with 
interruptions since around 1860, the mine Mödling from 
1840 until 1912. Quarrying of the gypsum lenses Kaswas-
sergraben and Schildmauer is documented in the nine-
teenth century and from 1961 until 1991, respectively, 
similar activities at Tragöß-Oberort since 1966, while the 
sulphate body Dürradmer is hitherto unexploited [103].

Taking up the current art historical problem in regard 
to the provenance of the ensemble of Beautiful Pietàs, 
still venerated today in South Tyrol in small village 
churches and chapels, with natural scientific methods, 
the present study yields novel insights of not only local 
relevance, but disposes the basis for further analyses 
extendable to a supra-regional level, as quite numer-
ous figure groups of this type have been preserved in 
Central Europe and the Apennines. The contradictory 
information regarding their materiality and the sparse 
published analytical results concerning exemplars 
made of high-fired gypsum mortar [104–111] allow 
the broadening of the research question to encompass 
materials sciences and art technology. If future petro-
graphic and geochemical studies reveal further cluster-
ing, this may spark art historical research.
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