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Abstract

Gypsum alabaster as material for European sculpture emerged in the 12th century and soon
rivalled marble due to its accessibility, ease of sculpting, and aesthetic qualities. Lack of
clear terminology and the visual similarity of the two materials have led to a considerable
amount of confusion and deliberate misnomers. Despite attempts, since early modern
times, to make a clear physical and chemical distinction between both materials, mistakes
persist, even in modern collections. Here we present a non-invasive, cost-effective, reliable
technique to differentiate the two, using an ultra-portable near-infrared spectrometer.
The characteristic NIR spectrum of gypsum alabaster over the range of 900-1700 nm
strongly contrasting with the near-featureless spectra of marble, allows for a simple and
straightforward differentiation of these materials. Our technique enables rapid lithological
identification of complex composite sculptural ensembles. We illustrate this through two
case studies: The 15th century Saint Catherine of Alexandria from Kortrijk, attributed
to André Beauneveu, one of the most prominent artists of the late Middle Ages, was
supposedly made of alabaster, but is in fact made of marble and restored with alabaster
replacement parts. The tomb of Prince-Bishop Julius Echter in Wiirzburg Cathedral is an
example of the variety of materials used for such monuments in the 17th century. Here we
highlight a previously undocumented but extensive use of multi-coloured alabaster.

Keywords: alabaster; gypsum; marble; sculpture; limestone; near-infrared spectroscopy;
NIRS; non-invasive; ultra-portable

1. Introduction
1.1. Historical Aspects

Marble and gypsum alabaster have coexisted in European sculpture for centuries.
Whereas the artistic usage of the first material had been solidly anchored in antique and
early medieval tradition, the latter appeared in this role timidly around the 12th century.
Gypsum alabaster then soon rivalled marble for economic, technical but also aesthetic
and symbolic reasons. While the classical Greek marble deposits were situated beyond
reach of European commissioners in the Ottoman empire (1299-1923), the only source of
a high-quality white marble were the Tuscan deposits in the wider Carrara area, in the
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Apuan Alps. After a decline during the early medieval period, they enjoyed an almost
monopolistic position since the 14th century [1,2].

Gypsum alabaster deposits suitable for sculpture were discovered and used progres-
sively in England (mid-12th century, Tudbury deposit [3]), Spain (early 14th century for
Beuda albaster [4]), and France (12th century, alpine deposits of Notre-Dame-de-Mésage [5])
and competed regionally, depending on political zones of influence and on fluvial and
terrestrial transport networks [6]. Beyond accessibility, this new material was highly ap-
preciated for its sculptural qualities, its softness, which makes it relatively easy to work
in intricate details, and its ability to take a high-quality polish [7]. But each of the materi-
als, marble and alabaster, acquired its own prestige, associated with its specific aesthetic
and associated symbolic values. Whereas their parallel history is still to be written, their
intimate entanglement led to permanent confusion and, from the 16th century onward, to
attempts of clarification and distinction.

The assimilation of marble and alabaster may have been unconscious, due to their
visual similarity, or voluntary, claiming the prestige of one material for the other [8]. A
striking example is the mandate of Margaret of Austria of 1510, concerning the outstanding
sculptural decoration of the Brou monastery. This text contains one of the shortest shortcuts
between both materials “white marble called alabaster” (“marbre blanc qu’on dit albastre”),
speaking of the material found in the alabaster quarry of Saint-Lothain in her Burgun-
dian possessions [9]. Carrara marble, promoted by other actors involved in Margaret’s
project, was nevertheless imported from Pisa via Genoa and served for specific parts of
the funeral monument [10], showing a clear conscience of their respective physical and
visual properties.

The historical inversion worked in both directions, alabaster sculptures claimed to
be marble but also the other way around with marble described as alabaster [11]. Given
the aforementioned visual proximity of the white varieties of both alabaster and marble
and the inherited ascriptions, even present-day museum labels need thorough verification
with non-destructive methods, preferably simple and inexpensive, which is the object of
the present paper.

1.2. Mineralogical, Physical and Chemical Aspects

Mineralogically and chemically, marble and gypsum alabaster are clearly distinct:
calcite, a calcium carbonate (CaCO3), dominates in white marble; gypsum, a water-bearing
calcium sulphate (CaSOy4-2H,0), in alabaster. Marble can contain variable proportions of
magnesium (dolomite), alabaster can also be the water-free variety of calcium sulphate
(anhydrite, CaSOy), yet often partly rehydrated to gypsum. This modern knowledge pro-
gressively emerged from the 16th century onwards, when the Greek and Latin authorities
were no longer taken for granted.

The terminology inherited from antique authors notably Pliny [12] (book XXXVI, cap.
8, book XXXVII, cap. 10) and Theophrastus [13] is further complicated by the fact that
“alabaster” in itself is a polysemantic term: “alabastrites”, derived from or closely linked
to the Egyptian town of Alabastron, designated in the antique world a banded calcite,
geologically a travertine or speleothem. This so-called “oriental alabaster” but also “onyx
marble” lost its predominance in late antiquity and gave its name to gypsum alabaster
when the latter found increasing use in medieval sculpture. In 1747, Hill [14], in his notes
on his English translation of Theophrastus’ History of Stones (p. 23), summarises nicely
the misinterpretations that ensued: “And hence have been a thousand Mistakes in the later
Authors [. . .] who have misunderstood Pliny”.

First attempts to distinguish marble and gypsum alabaster were made in early modern
times, using physico-chemical criteria, namely the softness of alabaster compared to marble.
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De Boodt [15], chap. 268, pp. 490—491, uses this criterium to put gypsum alabaster in a
direct lineage with calcite alabaster and marble. He considers the soft gypsum alabaster
(alabastrum) as an “unbaked alabastrites”, i.e., calcite alabaster, and the latter as “unbaked
and imperfect marble”, a concept taken over by later authors in the 17th and 18th century,
e.g., [16-18]. Schroder [16], liber III, pp. 29-30 follows de Boot when he states that « if it
becomes so soft that it can be cut with a knife, it is more correctly called gypsum”, a criterion
taken up by Aldrovandi [19] when he notes that “white marble quarried in Volterra”, i.e.,
gypsum alabaster, “is softer, whereas some place it among gypsum”.

Yet, in alabaster-working regions like the East Midlands, the differences in their sculp-
tural properties were well-known. In his Chronicles, Holinshed [20] distinguishes “fine
alabaster and hard marble” (p. 31) and states that “If marble will not serve, then have we
the finest alabaster that maie elsewhere bee had” (p. 395). He already approaches gypsum
plaster (“plaister of paris”, p. 395) and alabaster. Nonetheless, we have to wait mainly
till the 18th century for objective criteria to emerge and converge, notably hardness, the
possibility to transform gypsum alabaster into plaster, and marble into lime, but also the
chemical test of acid attack, “eau forte” in French and “Scheidewasser” in German reacting
with marble, liberating CO,, but not with gypsum alabaster. Pott [21] concludes, based
on this chemical criterion, that the assumption that alabaster is a species of marble is
“completely incorrect”. Some years later Daubenton [22] even dedicated a whole monog-
raphy to this problem. Finally, 19th century authors like Lucas [23] clearly distinguish
“gypsum alabaster”, identified as a calcium sulphate, and “calcareous alabaster”, identified
as calcium carbonate and related to marble.

1.3. The Marble—Alabaster Problem in Modern Collections

In modern literature, art historians did not always attribute high importance to the
precise nature of materials till the 1990s, when the so-called technical art history opened the
way for transdisciplinary investigations of artworks combining approaches from history,
art history, and natural sciences (e.g., [24,25]). This led to the development of rather
sophisticated geochemical methods to identify the provenance of marble [26-28] and
recently of alabaster [6,29,30] used for European sculpture. However, misattributions are
frequent, even in the collections of the most prestigious museums [31], often inherited from
archival documents or a simple examination by the naked eye [32]. The consequences of
such incorrect material identification can go far beyond erroneous art-historical reasoning,
misdating, and contextual errors, especially with regard to geographical and workshop
attributions. Restoration strategies, well adapted to one material can lead to irreversible
damage on the other. This is particularly true for the water-soluble alabaster [7,33]. The
precise identification of materials is becoming increasingly important in the context of
legal trade and museum purchasing practices; mislabelling can, therefore, complicate legal
import/export or devalue/overvalue objects [34]. Yet, a straightforward, cost-effective and,
last but not least, non-invasive test to simply distinguish both materials is still lacking and
sought-after, notably by museum curators and restorers. Portable to hand-held (<1000 g)
spectrophotometric instruments encompass a large range of frequencies, from visible-to-
near-infrared (VNIR) to X-ray fluorescence (XRF) spectroscopy. They are completed by laser-
based portable Raman and LIBS and provide a high potential for art material identification
and provenancing. Raman spectroscopy makes calcium sulphates and calcium carbonates
spectrally separable and would furthermore allow for a refined distinction of mineral
phases of the CaSO,—H;0 system with specific bands for gypsum, bassanite, and the
three species of anhydrite [35]. Portable Raman systems have been used on a wide range
of cultural heritage problems [36]. Potential drawbacks in our case are sensitivity to
fluorescence and laser-radiation-induced dehydration of gypsum [35]. XRF and LIBS both
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provide elemental rather than molecular detection so that the marble-alabaster distinction
mainly relies on detection of sulphur which may limit their use. This is illustrated by an
approach to the marble-alabaster problem using portable XREF, recently developed and
tested [32], but this technique is considered less sensitive for light elements like carbon and
sulphur than for heavy elements and needed refinement for reliable application [37].

Here we present a method based on hand-held near-infrared spectroscopy (NIRS).
NIRS is a technique for measuring reflection spectra in the wavelength range of 780 to
2500 nm. The main bands generally observed in this region correspond to overtones and
combinations of fundamental vibrations of bonds between hydrogen and other light atoms
such as C, O, S, whereas bands corresponding to bonds such as C=0O, are much weaker or
absent [38]. The wavelengths emitted by NIR instruments can be discrete or continuous.
Solid or liquid samples can be measured in reflectance or transmittance modes. A large
variety of technologies implemented throughout the measurement chain (radiation source,
wavelength selection, sample presentation, detection) make this technique particularly
versatile [38]. The recent ultra-miniaturisation of such instruments [39,40] has led to a broad
field of applications, namely in food and biomass analysis, e.g., [41,42] textile [43] and
pharmaceutical [44] but also in soil characterisation [45]. The identification of marble and
alabaster can rely on numerous studies of the NIR spectra of natural carbonate and sulphate
minerals. Notably the mineral phases relevant to our problem, i.e., calcite and dolomite [46]
and the more or less hydrated varieties of calcium sulphate (gypsum, the hemi-hydrate
bassanite CaSO;-% HyO, anhydrite [47-49], have been thoroughly characterised in the
NIR range.

2. Materials and Methods

We used a NIR-S-G1 NIR spectrometer (InnoSpectra Corporation, Hsinchu, Tai-
wan [50,51]). The light source is a pair of broadband 0.7 W tungsten filament lamps.
After collimating and focusing, light is emitted and, after reflection by the material, re-
ceived back through a sapphire window (elliptical measuring area of 7 x 4 mm). The
reflected light is dispersed by a fixed grating across a digital micro-mirror device. Discrete
sections of the spectral range of 900-1700 nm are directed by the actuated mirrors towards
a single-point uncooled InGaAs detector. Typical optical resolution is 10 nm. For or our
measurements we used a pattern width of 7.03 nm and a digital resolution of 228.

Its dimensions of 82.2 x 66 x 43.5 mm and its weight of less than 150 g make this
device ultra-portable (Figure 1). Connection to a PC (ISC WinForms SDK GUI v3.9.4
software) via USB or a smartphone (ISC NIRScan v3.8 app) provides versatile use in the
working conditions in museums or other collections. The measurements are non-invasive
and can even be performed without direct contact between the sapphire window and
the object being examined, although the best performance is achieved when the sapphire
window is placed directly on the object [51]. All measurements were conducted in diffuse
reflectance mode with the Spectralon® diffuse reflectance material as reference signal [52].

We analysed the following materials as standards: Carrara marble (polished), white
gypsum alabaster from different French deposits with historical importance (Notre-Dame-
de-Mésage [5], Saint-Lothain [53], Malaucene [54]), and anhydrite alabaster from Notre-
Dame-de-Mésage and from Fauld Mine, Staffordshire, east of Nottingham. The investigated
French gypsum alabaster deposits have delivered pure white, opaque to slightly translucent,
micro-crystalline material. These samples were taken in the historical quarries. In each
case, several points on the same sample were measured. We also tested fine-grained porous
Turonian tuffeau limestone from the Loire valley [55].
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Figure 1. Measurement with the NIR-5-G1 on the sword hilt of the Saint Catherine of Alexandria,
Onze-Lieve-Vrouwkerk, Kortrijk, NL.

3. Results and Discussion
3.1. Raw Materials

In the investigated spectral range, gypsum alabaster (Figure 2A) shows as its most
prominent feature a characteristic triplet between 1440 and 1540 nm [48,49,56]. Other
characteristic absorption bands of gypsum are observed near 1000 and 1200 nm [57-60]. All
these features are related to structural water combinational and overtone modes (H-—O—H
bending, O—H stretching, [60]) and are characteristic of hydrated Ca-sulphates in the
observed spectral range [47,48].

Anhydrite being per definition anhydrous, its spectra should be featureless in the
investigated wavelengths. However, the anhydrite alabasters showed weak absorption
bands, around 1200 nm for Fauld Mine and in the zone of the gypsum triplet > 1400 nm for
Notre-Dame-de-Mésage (Figure 2A). This has been observed previously for other natural
anhydrites [48,58,61] and attributed to partial hydration. It is well known that anhydrite in
contact with groundwater progressively transforms into gypsum so that pure anhydrite in
Fauld Mine is mainly restricted to depths below around 30 m [62,63]. Its exhumation and
rapid, cold hydration under periglacial conditions produced, by the way, the sought-after
alabaster-grade gypsum in the wider Nottingham area [63].

Marble, as pure calcite with few accessory minerals, is not expected to exhibit any
features in our observation range, COjz-related overtones starting at >1700 nm. Indeed, the
Carrara marble spectrum is flat over the range of approx. 950 to 1650 nm (Figure 2C).

The similarity of the marble and anhydrite spectra might, in cases of pure, water-free
anhydrite, lead to an ambiguity of material identification. However, the use of anhydrite
alabaster for sculpture is clearly minor with respect to gypsum. Only 12 of the 340 artworks
from the 12th to the 17th century (Figure 3) analysed so far in our studies by standard ion
chromatography show sulphate contents > 68 wgt%, approaching the theoretical value of
71% for anhydrite, whereas a large majority is situated around the theoretical value of 56%
for gypsum. Values < 56% indicate impurities in gypsum alabaster, values between the
theoretical gypsum and anhydrite are mixtures of both or partially hydrated anhydrite. In
all these cases we can expect the typical spectral features related to the structural water in
gypsum, so that we would not expect ambiguities between anhydrite alabaster and marble.
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Figure 2. (A) Absorption spectra of gypsum alabaster from the French Saint-Lothain (Jura, F), Notre-
Dame-de-Mésage (Isére, F) and Malaucene (Vaucluse, F) quarries; (B) Absorption spectra of anhydrite
alabaster from Notre-Dame-de-Mésage (Isére, F) and Fauld Mine (Staffordshire, UK); (C) Absorption
spectra of Carrara marble, Turonian tuffeau limestone (Loire Valley, F). The spectral band and their

assignments are specified in Table 1.

For comparison purposes, we also included a limestone sample in our selection of raw
materials, relevant notably for case study 2, to check for spectral differences with respect to
white marble. Limestone frequently contains accessory minerals such as clay minerals and
other silicates, which is the case of the analysed fine-grained tuffeau limestone from the
French Loire Valley. The observed weak feature close to 1400 nm (Figure 2C) can be related
to OH-bearing phyllosilicates as kaolinite [64-67].

The reflectance and overall quality of the NIR spectrum of gypsum alabaster de-
pends on several parameters: on the translucency of the investigated alabaster, the surface
roughness, and the distance of the sapphire window from the surface. Diffuse reflectance
dominates and is high for unpolished white, opaque, fine- to crypto-crystalline varieties,
whereas translucent alabaster, as can be found in certain Spanish and Italian deposits
(e.g., Gelsa, Volterra), produce weaker spectra. This is illustrated in Figure 4 which shows
the difference between spectra obtained on translucent veins and white fine-crystalline
parts of a slab of Gelsa alabaster. The amplitude of the peaks for the veins is less, and the
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spectra are noisier, even if the characteristic features of gypsum alabaster are preserved.
Two families of spectra, as observed for Gelsa alabaster, may be a distinctive feature for
specific deposits. Partial anhydritisation of primary gypsum [68] or partial rehydration of
anhydrite to alabastrine gypsum could also lead to the occurrence of two types of spectra
within the same material.

90
80 = o
a fe
70 9
= =
60 =
5 50
o)
£
2 40
30
20
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0

0.32 0.4 0.48 0.56 0.64 0.72 0.8
sulphate [relative wght cont.]

Figure 3. Histogram of sulphate contents (weight content) obtained by liquid chromatography on
European alabaster artworks from the 12th to the 17th century (unpublished results, n = 340).
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Figure 4. (A) Absorption spectra of gypsum alabaster from Gelsa, measured on translucent veins and
white parts. Overall reflectance is lower (absorption higher) for the veins. The investigated spots are
shown in (B), T1-4: translucent, W1-4: white. Measuring zones are ellipses of 0.8 x 0.4 cm.

As to be expected, absorbance and noise increase with distance from the surface
(Figure 5). Whereas the gypsum spectra are recognisable at all measured distances



Heritage 2025, 8, 455 8 of 18

(2, 4, 6 mm), absorbance increases by a factor of 2.5 at 4 mm and of 6 at 6 mm and
the spectra at 6 mm are significantly noisier than the spectra at 0-4 mm.

2.8

2.4

=
o

Absorbance
=
N

0.8

0.4

0 ——y
900 1000 1100 1200 1300

I T I T I
1400 1500 1600 1700
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Figure 5. NIR spectra of polished alabaster from Notre-Dame-de-Mésage at a distance between the
sapphire window and the stone surface of 0, 2, 4, and 6 mm.

Table 1. Wavelength position (nm) of the absorption bands observed in gypsum and anhydrite

alabaster and limestone (raw material samples).

Approx. A (nm) Assignment/Physical Origin Observed in Reference(s)
. Gypsum alabaster (Malauceéne,
~930 Suspected presence of goethite Saint Lothain), Fauld [59,64]
(x-FeOOH), ligand field transitions. . ;
Mine anhydrite
Combination/overtone modes
involving H-O-H/O-H (first overtone Gypsum alabaster (Malaucéne,
990-1010 O-H stretch + first overtone H-O-H Saint Lothain) [48,49,60,66,6]
bending [60]).
Combination/overtone modes
5 - involving H-O-H/O-H (H-O-H All gypsum alabasters, Fauld )
1150-1250 bending fundamental + first overtone Mine anhydrite [49,60,69]
O-H stretch [60]).
Clay minerals (smectite, kaolinite, illite, .
~1400 ...), overtones of O-H stretch. Tuffeau limestone [64-66]
H-O-H/O-H first overtone/H-O-H ,
~1360-1440 related combination features. All gypsum alabasters [48,49,61]
First overtone(s) of O-H/structurally
. e bound water in gypsum—the All gypsum alabasters,
14?2;61 5;129(0d11a 5g3r;30rslhnf [tzlgli;et' characteristic 1.4-1.5 um triplet Notre-Dame-de-Mésage partly [48,49,60,61,69]
! ! discriminates hydrated Ca-sulphates hydrated anhydrite

(gypsum) from anhydrous phases.

The spectra obtained on polished and raw (uncut, unpolished) alabaster are very

similar in most cases, except for some outliers with higher or lower absorbance and noise for
the raw material (Figure 6). This shows that even for polished samples, specular reflectance
is negligible compared to diffuse reflectance, as otherwise the polished material could be
expected to show weaker or less distinct absorption bands and potentially more noise than
the unpolished samples. Dominating diffuse reflectance is due to the microstructure of
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alabaster (unoriented microcrystalline gypsum) and due to the fact that even polished
surfaces show a micro-roughness due to interaction with air humidity or contact with water,
notably by inappropriate cleaning [7].

1.4

A
---- uncut I“‘

polished

1.2

I
%)
|

Absorbance
o
()]
|

0.4 o
NN 4 ,

0.2

0 — T T T T " T T T T T T
900 1000 1100 1200 1300 1400 1500 1600 1700

Wavelength [nm]
Figure 6. Comparison between polished and rough (uncut, unpolished) alabaster from Notre-Dame-
de-Mésage measured for different points on a decimetric sample.

None of these three parameters, translucency, distance to the surface, or roughness,
would affect the identification of the characteristic gypsum alabaster features, which makes
our method rather robust with respect to surface rugosity and accessibility as well as
to differences in alabaster deposits. Direct contact of the observation window with the
material gives the best results but contact-free measurements are possible when keeping
the distance of the window to the object below 6 mm.

3.2. Case Study 1: Saint Catherine

The Saint Catherine of Alexandria, Onze-Lieve-Vrouwkerk, Kortrijk, NL, is one of the
most prominent and well-documented European sculptures of the 15th century (Figure 7).
Commissioned by Louis de Male, Count of Flanders for his tomb in the family chapel in the
Onze-Lieve-Vrouwkerk, Kortrijk, the statue is the only surviving element of this funeral
chapel [70]. It was executed in 1374 by André Beauneveu, sculptor of renown probably
born in Valenciennes in present-day France [71] (p. 347). Ten years earlier, he had been in
charge of the effigy of Charles V, King of France for the Cathedral of St Denis. The fortune
of the Saint Catherine was eventful, including temporary burial to escape the protestant
iconoclasm in the mid-16th century leading to important damage and replacements in
or shortly after 1866 [72]; notably of the crown, the sword, the wheel and part of the
fingertips [70]. The state before this restoration is documented in early photographic
documents (Figure 8). Both painter and stone sculptor, Beauneveu, worked different
materials, limestone, marble, and alabaster, and in a document from 1386, recording the
receipt by the dean and chapter of Notre Dame at Kortrijk of a statue of Saint Catherine,
refers to the material as alabaster (“une ymage de pierre d’alebastre de Sainte Catherine”) [32,73].
However, the probably first attribution of this artwork to Beauneveu, in 1875 by Van de
Putte [72], mentions a “beautiful statue of Saint Catherine, executed in white marble” and
Dehaisnes [74], who took up this attribution in 1886, claims to have “studied with care the
statue in white marble”. Casier and Bergmans [75] in their catalogue of the 1913 exhibition
“L’art ancien dans les Flandres (région de de I’Escaut)” refer to the Saint Catherine as made
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from “Italian Alabaster”. The first attempts to verify these assertions through portable XRF

have been undertaken [32,37].

Table 2. Parts identified as marble and alabaster for the Kortrijk Saint Catherine.

Parts Zone Figure 7 Material Original/Restoration
Face, backs of the hands, mantle folds, foot, king G,B,E,EJ, K, M Marble Original
Crown, wheel, index and middle fingertips of the left hand Alabaster Replacements
Parts of mantle folds Alabaster Replacements
Sword pommel, parts of sword hilt Alabaster Replacements
Parts of sword hilt Marble Replacements

1000 1200 1400 1600

Abs (8)

1000 1200 1400 1600

Abs ©

1000 1200 1400 1600

(D)

1000 1200 1400 1600

0.8 !

Abs (E)

1000 1200 1400 1600 ~

Figure 7. NIR spectra of different zones of the Kortrijk Saint Catherine. Light green spectra and zones

correspond to marble and light red spectra and zones have been identified as alabaster. Zones (A) to

(M) are specified in Table 2.
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Figure 8. Supposedly subsequent restoration steps of the Kortrijk Saint Catherine. (A) Status before
restoration (before ~1866, upper part) [73]; (B) Plaster copy, photographer and date unknown (after
1866), Musées Royaux d’Art et d'Histoire, Brussels (https:/ /balat.kikirpa.be/photo.php?objnr=2006
2640, accessed on 23 October 2025); (C) Archive Franz Stoedtner, date unknown (1920-39?), Bildarchiv
Foto Marburg (https://www.bildindex.de/document/obj20041232, accessed on 23 October 2025);
(D) Photographer and date unknown (1866-1939?), KU Leuven (https://www.europeana.eu/fr/
item /2024903 /photography_Provided CHO_KU_Leuven_9989296560101488, accessed on 23 October
2025); (E) Present-day state.

The NIR spectra (Figure 7) provide a rather detailed cartography of the materials used
and reveal a complex restauration history (Table 2). The main body, with face (Figure 7,
zone G), backs of the hands (B, ]J), mantle folds (E), foot (F) and also the figure of the
trodden-down king (M) are executed in marble. The crown (A) as well as the complete
wheel (H) together with at least part of the index and middle finger of the left hand (I)
are made of alabaster. For both replaced pieces, some of the spectra are noisy with a low
reflectance (high absorbance) which can be attributed to differences in translucency of the
alabaster used and lacking diffuse reflectance in the more transparent parts. Such features
with translucent veins or globally increased translucency are characteristic of some Spanish
and Italian alabasters (Figure 4). Replacement of parts of the marble mantle folds with
alabaster have been observed in two spots on the left (D) and right sides (L) of the statue.
The sword pommel (C) is made of alabaster, whereas the other parts of the sword hilt are
partly of marble (B) and partly of alabaster (C). This is insofar surprising as only the grip
of the sword hilt was preserved in the early 19th century as shown on photographs taken
before restauration ([73], Figure 8A). The complex subsequent restorations can be followed
on historical yet undated photographs. Whereas Figure 8A seems to show the unrestored
aspect, adding the sword’s crossguard together with the lacking right little finger was
obviously the first restauration step (historical plaster copy, Figure 8B), before any other
replacement. According to our NIR analyses, the material used for this crossguard was
marble, except for its right extremity. The sword pommel as well as crown and wheel are
still missing on this image and were added in the subsequent step (Figure 8C) in alabaster.
Interestingly the wheel is broken, which corresponds, as has been pointed out by Nash [73],
to the standard iconography of Saint Catherine, whereas the complete wheel of the final
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version is unusual. In a last restauration step (Figure 8D), sword and wheel have been
completed as well as the crown with one previously lacking prong having been added,
which is close to the present-day shape of the statue (Figure 8E). NIR results indicate
that all these later additions were made using alabaster. In this context it is important to
stress that the history of restorations of the figure of Saint Catherine with various kinds of
alabaster and marble provides a perfect record of the pitfalls resulting from the inability
to differentiate between these two materials in the past, highlighting the need for precise
material identification before restoration.

3.3. Case Study 2: Funeral Monument of Bishop Julius Echter, Wiirzburg Cathedral
(Bavaria, Germany)

The funeral monument for the Bishop Julius Echter von Mespelbrunn (1545-1617)
in the St Kilian Cathedral in Wiirzburg was commissioned 1617/1618 by his successor
bishop Johann Gottfried von Aschhausen. From the very beginning of its scholarly in-
vestigation the monument was described as made of white marble [76] (p. 74). Ascribed
initially to Michael Kern, it was discarded from the oeuvre of this south German sculptor
active in Forchtenberg on the basis of material argumentation. Gradmann [77] meant
namely (pp. 113-114) that “the red marble used for the monument does not appear in
the works of the Forchtenberg workshop”. Bruhns [78], who ascribed (pp. 370-372) the
tomb to Nikolaus Lenkhart (+ 1632), interpreted the choice of the material as a reference to
the local tradition of bishopric tombs executed in red Salzburg (Adnet) or Upper Bavar-
ian “marble”. Indeed, the fact that monuments of Echter’s two predecessors (Rudolf II.
von Scherenberg and Lorenz von Bibra) and eminent works by Tilman Riemenschneider
(1499 and c. 1520, respectively) were carved in this material made this argument fully
convincing. The NIRS spectra obtained on the red “marble” of the funeral monument
of Lorenz von Bibra confirmed limestone as the sculpting material. Also the most recent
publication [79] names the materials of the Julius Echter memorial “red marble, grey and
red sandstone, slate, and alabaster”, based, as all previous studies, exclusively on visual
observations (Figure 9).

Thus, the predominance of alabaster, revealed by our NIRS study, came as a surprise.
Indeed, the only measured elements not made from alabaster are the column shafts and
the supporting cornice (Figure 9) as well as the inscription plate of black slate. Spectra of
the column shafts and cornice show the same weak feature near 1400 um as the limestone
reference sample (Figure 2B). The slate shows very low reflectance, and the spectra are
featureless over the whole measured NIR range.

The types of alabaster used show a great diversity of colours and textures. Whereas the
base (Figure 9, zones G, I, M) as well as the bases of the columns (D) feature a beige, strongly
banded alabaster, decorative elements in the central part, such as the coats-of-arms and the
cartouche with its putto (F), are very fine-grained and homogenous. The most spectacular
and unexpected facies is the red alabaster of the Bishop’s figure (mantle and sword tested, ],
K), so far considered as marble, recalling indeed certain coloured limestones like the Adnet
“marble” [80]. Other elements made of red alabaster are the frieze separating the base and
the central part (E), as well as the pilasters behind the columns (A). Before our study, the
existence of such red alabaster facies and its use in sculpture was largely unknown so that
false attributions as “red marble” are likely to be frequent. Isotope analyses are currently
underway to determine the provenance of these different types of alabaster.
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Figure 9. NIR spectra of the funeral monument of Bishop Julius Echter (1545-1617) in the Wiirzburg
Cathedral (Bavaria, Germany). Light brown spectra and zones correspond to limestone and light red

spectra and zones have been identified as alabaster.
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4. Conclusions and Outlook

The NIR spectrum of gypsum alabaster, recognisable by the characteristic 1440-1540 nm
triplet of hydrated Ca-sulphates strongly contrasting with the featureless spectrum of
marble over the range of 900-1700 nm, allows for differentiation of both materials used
for artwork by comparison with reference spectra obtained on raw materials. Distinction
of marble and anhydrite alabaster appears possible due to the frequent partial hydration
of natural anhydrites, leading to weak but characteristic features in the 1200 nm and
1440-1540 nm ranges. Pure water-free CaSO4 would show a featureless spectrum in the
NIRS spectral range which limits the discrimination from equally featureless marble. The
tested ultra-portable near-infrared spectroscopy (NIRS) device is particularly adapted to
the needs of museum conservators and restorers for a non-destructive, efficient, rapid, and
cost-effective method for the identification of gypsum alabaster but also other materials,
e.g., amber [81]. Compared to most other portable instruments (XRF, LIBS, FTIR. . .) the
tested device is more than an order of magnitude smaller, lighter, and cheaper. It can
also be used without any restrictions related to radioactive sources (XRF) and radiation
(X-ray, laser. . .). Its limitations lie in the somewhat restricted spectral coverage, compared
to the total range of NIRS (780-2500 nm), cutting off some specific features, notably of
carbonates. Yet, it covers the absorption bands of H,O and OH-bearing materials like
our main target, gypsum alabaster, but also clay minerals and metal hydroxides [56,59,64].
Anhydrite alabaster s. str., i.e., completely water-free CaSO4 is rarely used for sculpture
so that in a large majority of cases, weak HyO-related features will allow for distinction
from marble.

NIR spectrometry is also promising with respect to differentiation between different
kinds of alabaster. Providing a systematic comparison of raw alabasters, some features in
the NIR spectra might allow for distinction of provenances: translucency of some Spanish
and Italian deposits, partial anhydritisation or hydration, the presence of iron hydroxides.
Fe and Mn lead to specific bands in diverse mineral phases [56,59,64], this might be sup-
posed for English alabaster, even if the overall iron contents of Nottingham alabaster are
low [82]. This technique allows for rapid identification of complex, lithologically composite
sculptures, as illustrated by the Echter funeral monument, and also of restorations with
stones different from the original material, as for the Kortrijk Saint Catherine of Alexan-
dria. Due to their compact size, ease of use, and relatively low cost, ultra-portable NIR
instruments can be used on a daily basis by conservators and restorers to verify material
attributions and guide restoration strategies.
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