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Abstract: In this study, several wall painting fragments discovered in the Roman baths from the
archeological site Alburnus Maior (Rosia Montand, Romania) were analyzed with the aim to in-
vestigate the material composition of both plasters and pictorial layers. Dated from the beginning
of the second century AD, these rare findings stand among the oldest examples of preserved dec-
orative polychrome paintings on plaster excavated thus far in the former territory of the Roman
province of Dacia. A non-destructive multi-analytical approach based on complementary techniques
was considered: Fourier transform infrared (FTIR) spectroscopy, X-ray fluorescence (XRF), X-ray
diffraction (XRD), UV fluorescence, and hyperspectral imaging (HSI). The obtained results highlight
a common Roman color palette mainly based on naturally occurring earth pigments. Red ochre,
yellow ochre, manganese-rich ochres/wads, carbon black, and calcite were identified. A traditional
two-layer sequence of plasters was found—arriccio (based on lime and siliceous sands), and intonaco
(pure lime). The presence of an organic protein binder, identified via FTIR analysis, and sustained by
combined imaging documentation, indicates that the pigments were applied a secco. The obtained
results are discussed in relation to previous published data, and they can be considered as valuable
archeological indicators that contribute to the understanding of the painting techniques and the

materials used in the Roman provinces.

Keywords: Roman wall paintings; Roman baths; FTIR; XRF; XRD; hyperspectral imaging; pigments;
ochres; Alburnus Maior; cultural heritage

1. Introduction

Public baths played an important role in Roman culture and life. A remarkable
expression of Roman hydraulic engineering, the use of public baths started to spread
towards the end of the third century BC throughout the Roman Empire. Functioning as
spaces of great social significance, public baths developed in time into more elaborate
complexes (thermae), frequently luxuriously decorated [1-3]. A variety of information
exists on the imperial public baths, especially regarding the ones in the Italian Peninsula,
while the bathing facilities found in the provinces have started to be studied only more
recently [4]. According to the current state of research, within the Roman province of Dacia,
almost 40 small baths have been discovered until now, located within the forts (praetorium)
as well as in the civilian settlements (extra muros) [4]. Compared to other baths found
in Moesia Superior, the ones in Dacia (a frontier province), are, in most cases, modest
and relatively early structures built between the second century and first half of the third
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century. Monumental bath structures, which can be associated with an elite residence, are
just the ones found at Apulum and at Ulpia Traiana Sarmizegetusa [4,5].

In this paper, several wall painting fragments discovered in the Roman baths from
the archeological site Alburnus Maior (Rosia Montana, Romania) [5] were investigated
with the help of an array of non- and micro-invasive analytical techniques. Dated from the
beginning of the second century AD, these rare findings stand among the oldest examples
of preserved decorative polychrome paintings on plaster excavated thus far in the former
territory of the Roman province of Dacia. Due to the small number of scientific studies
carried out thus far on Roman mural paintings coming from this region [6], this study is
considered important as it can offer valuable information not only in terms of materials
and painting technique but also in terms of archeological insights.

Roman wall paintings have been intensively studied as early as the nineteenth century,
particularly wall painting supports and pigments coming from Rome and Pompeii [7]. Wall
painting fragments discovered in other parts of the empire such as Northern Italy, Spain,
France, Great Britain, Greece, and Slovenia have also been investigated [8,9]. However,
within the province of Dacia, mural decorations have been significantly less studied. This
situation can be explained by the fact that in this area, such findings are scarce. Unlike
Gaul or Britain (where the Roman wall painting technique was an established tradition
developed in workshops), in Dacia, the existing mural paintings were created by craftsmen
that were brought from other provinces for specific commissions only [10]. Moreover,
the recovery and study of wall paint evidence is also a matter of survival, excavation
technique/skill, and, not least, environmental factors which may help natural preservation
or not. In the province of Dacia, there are very few examples of preserved Roman paintings,
with isolated discoveries often grouped around monumental buildings [10-12]. To this
date, there has been only one scientific study published on second century Roman wall
painting fragments discovered at the archaeological site of Ulpia Traiana Sarmizegetusa,
the findings being associated with the decorations of a domus [6]. A few other papers
mention discoveries of Roman mural paintings at Ulpia Traiana [12], Porolissum [13], and
Apulum [10,11], but these are mainly archeological studies.

The lack of scientific investigations concerning Roman painted plasters coming from
other archeological sites located in the former province of Dacia made us consider new
wall painting fragments for analytical investigations—in this case, murals discovered
at the Alburnus Maior archaeological site. The aim of this study was to document and
characterize the composition of the paint layers and of the plaster used as a substrate and,
at the same time, highlight the existing correspondences and differences with previous
published data, concerning wall painting fragments from the same period, excavated from
other neighboring Roman archeological sites.

To this aim, several wall painting fragments discovered in the Roman baths from
Alburnus Maior were analyzed through a minimally invasive methodology based on
complementary techniques. Attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectroscopy was used to obtain qualitative information on the molecular nature of
the pigmenting agents, possible organic binders, and the mineralogical composition of the
plaster substrate [6,14-16]. X-ray fluorescence (XRF) and X-ray diffraction (XRD) analyses
were carried out to obtain additional chemical and mineralogical data on the material
composition of the pictorial surfaces and of the plaster [6,8,14-17]. UV fluorescence (UVF)
and hyperspectral imaging (HSI) were used as non-destructive tools in order to obtain
alternative information on the painting technology and working methods [18,19]. The
capacity of the HSI technique for material identification and mapping was also tested [20].
The results of the performed investigations are expected to highlight the general color
palette used at Alburnus Maior, in order to provide details on the working methods, choice
of materials, and possible raw material sources used by local craftsmen.
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2. Materials and Methods
2.1. Archeological Background and Wall Painting Samples

The Roman archeological site of Alburnus Maior, located in the central area of Rosia
Montana (Carpeni Hill), has provided a series of exceptional findings over time—gold mine
galleries, places of worship, habitat elements, and necropolises [5]. During the archeological
campaigns between 2001 and 2003, two buildings with underfloor heating (hypocaustum)
were excavated, which most probably functioned as bathhouses (Figure 1a—d). Based on the
archeological observations, during the first construction phase, the bathhouse comprised
at least three heated rooms, while during the second phase, some space alterations and
changes in the functionality of some of the rooms were documented. Several wall painting
fragments surviving in situ were found (Figure le,f) in what may have been a small
compartment near the frigidarium, where a cold-water pool might have functioned [5].
Ceramic brick materials marked with the stamp of the Legio XIII Gemina, together with a
series of monetary discoveries in one of the bath rooms, indicate that the bathing facility
was most probably built between 117 and 138 (the first years after the establishment of the
province of Dacia) [5,21].

Figure 1. Details showing the ruins of the bathhouse discovered at Alburnus Maior (a—c); 3D model
of the bathhouse (d); wall painting fragments found in situ (e f). Images reprinted with permission
from [5].

The wall painting fragments collected during the excavation of the site are shown in
Figure 2. The fragments, very fragile, are characterized by large areas of lost polychromy.
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The preserved painting layers cover a narrow chromatic range—red, yellow, white, and
black. Due to the advanced state of degradation, no assumptions can be made regarding
decorative patterns, stylistic elements, or painting technique. Several representative sam-
ples were selected for investigation. Except for FTIR analysis, all analytical measurements
were performed directly on the pigmented areas of the wall painting fragments, without
sampling. The plaster layers were also examined.

Figure 2. Wall painting fragments discovered at Alburnus Maior (analyzed spots are indicated in the figure) (a); microscopic
details of some of the investigated pigmented areas: red mixed with black, sample S4 (b); red mixed with yellow, sample
S5 (c); yellow, sample S6 (d); and black, sample S7 (e).

2.2. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis was carried out on powder samples in attenuated total reflection
(ATR) mode, using a SpectrumTwo FTIR spectrometer (PerkinElmer, Waltham, MA, USA)
equipped with a GladiATR accessory (monolithic diamond ATR crystal from Pike Technolo-
gies). Small amounts of samples were taken from each colored area by gently scrapping
the surface. Spectra were collected in the 4000-380 cm ! mid-infrared spectral region at
4 cm~! resolution. A total of 64 scans were used for the optimal signal-to-noise ratio. Data
processing was carried out in Essential FTIR Spectroscopy Software Toolbox (Operant LLC,
Monona, WI, USA).

2.3. X-ray Fluorescence (XRF)

XRF measurements were performed with a portable energy-dispersive instrument
from Bruker-TRACER III-SD, provided with a Rh anode X-ray tube and a 10 mm? X-
Flash Silicon Drift Detector (SDD), with an energy resolution of approximately 145 eV at
200,000 cps. For this study, the working parameters were set at 10.60 A current intensity;,
40 kV tube voltage, no filtering, air atmosphere, and 60 s analysis time. Instrument accuracy
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was checked prior to measurements using a stainless-steel duplex 2205 check sample. The
nose of the analyzer was cleaned after each sample measurement in order to avoid sample
cross-contamination. The instrument’s detection limit varies for each element as a function
of the physics of the sample, down to ppm level. Elements’ identification was conducted
in ARTAX software, using standard Bayesian deconvolution. Due to the fact that the
experiments were performed in a non-destructive manner, the XRF data are qualitative
(semi-quantitative). Data processing and plotting were carried out in Excel 2016.

2.4. X-ray Diffraction (XRD)

X-ray diffraction was performed on a SmartLab X-ray diffractometer (Rigaku, Tokyo,
Japan) equipped with a 9 kW Cu rotating anode and a 5-axis vertical goniometer. The
diffractometer was operated in parallel beam mode with high-resolution optics on the inci-
dent beam (2-bounce Ge(220) monochromator) to select Cu-Ka1 radiation (A = 1.540597 A).
Pigmented areas were investigated using GIXRD (grazing incidence X-ray diffraction)
analysis (incidence angle set at 3°), while the mineralogical composition of the wall paint-
ing plasters was carried out on mechanically ground samples. All measurements were
performed in the range of 10° to 70° 26, with a speed of 3°/min. Peak identification was
conducted using the PDXL software database.

2.5. Imaging Diagnostic Technigues

A macro-imaging diagnostic analysis was performed in the visible, UV, and IR ranges.
Images in raking light were registered using a Nikon Coolpix P900 digital camera and
a system of halogen lamps that were positioned at a very narrow angle with respect to
the investigated samples. Surface examination under UV fluorescence was achieved with
the help of a portable UV lamp from Karl Deutsch, with a maximum peak at 365 nm and
60 W/m? intensity at 400 mm distance. Images were acquired in dark ambient conditions,
without visible radiation.

For short-wave infrared (SWIR) hyperspectral imaging, a HySpex SWIR-384 mobile
system from Norsk Elektro Optikk AS was used. The system, equipped with a state-of-
the-art mercury cadmium telluride (MCT) detector, operates between 950 and 2500 nm,
covering parts of the NIR and SWIR spectra, and it is available in 288 spectral bands.
Samples were evenly illuminated using an optimal wavelength lamp system, and scanning
was performed using the push broom method, through the controlled sliding of the
camera along an automated translation rail. For the best available resolution, a 30 cm
lens was used. Data processing was performed in the ENVI software package (Harris
Geospatial Solutions).

3. Results
3.1. FTIR Analysis

FTIR spectra registered on all pigmented layers are dominated by the strong absorp-
tion bands of calcite (CaCO3)—characteristic IR absorptions associated with the fundamen-
tal vibrations of the carbonate group observed around ~1400 cm~! (broad peak), 872 cm ™!,
and 712 cm ™! [22]. The small peaks at 2512 and 1795 cm ™! (combination bands) can also
be ascribed to calcite [23]. As indicated by the FTIR data registered on the white painted
areas, calcite was also the choice for the white pigment. In some of the registered FTIR
spectra (Figure 3a), the presence of an organic material could be clearly inferred via the
weak but characteristic bands observed at 2923 and 2854 cm ! (aliphatic C-H stretching).
For the same samples, the amide I and amide II bands at 1639 and 1588 cm~! were also

observed, a clear indicator of proteins [24].
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Figure 3. FTIR spectrum registered on the red (a) and yellow (b) pigmented areas (samples S2 and
S6). The absorptions of the various accessory minerals associated with the natural ochre pigments
are marked on the spectra as follows: K—kaolinite; Q—quartz; H—hematite; [—illite.

Examination of red areas indicated the use of red ochre. As it can be seen in Figure 3a,
iron oxides under the form of hematite (Fe;O3) were identified via the specific absorption
bands at 467 and 532 cm~!. Compared to the literature [25], this last peak, typically around
550 cm ™!, is slightly shifted toward lower wavenumbers, a situation that may be explained
by an increase in Al-for-Fe substitution in the hematite structure [26]. The shift towards
lower wavenumbers of the hematite IR band could also be due to the particle size and shape
(morphology) [27]. Accessory minerals associated with the iron oxide compounds were
also identified, such as kaolinite—characteristic bands observed at 3696 and 3621 cm ™!
(outer and inner hydroxyl ion bands), 1028 cm~! (Si-O-Si band), and 914 cm ! (Al-O-H
band). Small amounts of quartz, typically found with kaolinite, were also observed—peaks
at 1163, 799, and 781 cm ™1 [25,28].

The infrared spectrum registered on the yellow finishing layer (Figure 3b) was found
to be somehow similar to the one registered on red areas. However, compared to red ochre,
the characteristic peaks of ferric oxides are sharper and more intense. A peak at 397 cm™!,
frequently found in ochre or earth-based pigments [29], can also be observed. This band
is thought to be due to S5i04-SiO4 coupling in silicate [30], while other studies assign this
band to Fe-O bands in yellow ochre [31]. However, no other characteristic bands of either
goethite or limonite, commonly found in yellow-based ochres, were observed. Compared
to the red pigmented areas, higher amounts of quartz seem to be present, while bands
caused by the free hydroxyl ions of kaolinite, in the upper region of the spectra, are missing.
Instead, within this region of the spectra, a small peak centered around 3627 cm™! is
present that may be ascribed to Al-OH vibrations in illites [32]. The broad and intense peak
at 1013 cm ™!, with a shoulder band at 914 cm ™!, could be ascribed to kaolinite. This shift
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towards lower wavenumbers of the main vibration in kaolinite (normal values are between
1028 and 1036 cm ') could be due to interferences with the 1085 cm~! band in quartz as
well as the particle size [33]. However, due to the fact that the most characteristic bands for
kaolinite in the upper region of the spectra are missing, kaolinite is either not present or
present in very small amounts. Based on IR absorptions within the 1270-880 cm ™! region,
a clear identification of the clay minerals present in the analyzed sample is not possible by
FTIR analysis alone [34]. As shown in previous studies [35], FTIR spectra of clay minerals
are complex, where both the position and the intensity of the IR peaks are dependent on the
conditions of mineral formations and the presence of various impurity ions and elements
within the lattice.

The FTIR profile registered on the black pigment (Figure 4a) is clearly dominated
by the absorption bands of calcite. Neither iron oxides nor quartz were found. Instead,
manganese oxides may be present, as indicated by the IR bands centered around 1031,
490 (shoulder), and 423 cm~! [28,36]. The small peak at 1627 cm ™! along the broad absorp-
tion between 3600 and 3200 cm ™!, corresponding to stretching and bending vibrations of
water molecules, infers the presence of hydrous Mn oxide. A manganese-rich ochre (black
earth) may have been used for the black pigmented layer. As indicated by the existing
literature, manganese ochres (also called wads) are composed of complex associations of
manganese oxides and hydroxide minerals, and, in certain cases, also iron oxides [37,38]
(the presence of iron oxides, although not observed within the FTIR spectra, can be inferred
via XRF analysis; see Section 3.2).
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Figure 4. FTIR spectrum registered on the black finishing layer (sample S7) (a) and on the plaster
layers (b) (coarse plaster layer with black line; fine plaster layer with blue line). The absorptions
of the various mineral components identified are marked on the spectra as follows: Q—quartz;
H—hematite.
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Investigation of the coarse plaster layer (arriccio) indicated a similar composition to
the one registered for the yellow ochre samples. Strong absorption bands ascribed to
calcite were observed (1411, 871, 713 cm™1), as well as strong peaks assigned to hematite
(Figure 4b). Silicates, namely, quartz, were also identified. Some clay minerals are also
present, as inferred via the peaks at 3623 and 1011 cm~!. FTIR spectra registered on the
fine plaster layer (infonaco) highlighted the presence of calcite with very small amounts of
mineral impurities such as iron oxides and possible traces of clay minerals.

3.2. XRF Analysis

In order to obtain qualitative information on the chemical composition of the inves-
tigated samples, XRF measurements were carried out on various painted areas of the
fragments, as well as on the wall painting plasters. The results of the XRF analysis are
summarized in Table 1. As expected, and in accordance with the FTIR data, all areas
investigated show intense Ca lines (Figure 5), most probably associated with calcite. In
order to avoid the layering effect, all samples were measured on the decorated surfaces and
also on the back. Taking into account the measurement setup and the penetration depth
of the primary X-rays, the calcium contribution partially comes from the pigmented layer,
and partially from the plaster used as a substrate. Trace amounts of Sr were also found in
all the investigated areas, most probably due to the substitution of Ca by Sr in the calcite
crystal structure [39].

Table 1. Results of the XRF analysis. Identified elements are shown in order of decreasing abundance
(major abundant elements are marked in bold; trace elements are marked in italics).

Sample Typology Color/Typology Detected Elements

S1 paint layer red with black Fe, Ca, Mn, Cg; 7;’1 I;f’ K Hg, Zn, 5,

. Ca, Fe, Mn, Cu, Ti, K, Pb, S, Si, Zn,
52 paint layer red Hg, Sr

. Ca, Fe, Mn, Sr, K, Cu, Pb, Ti, Zn, Si, S,
S3 paint layer yellow, red, and black Rb, Cr, Al

. . Ca, Fe, Mn, Sr, K, Ti, As, Zn, Pb, Cu,
S4 paint layer red with black Si Rb, S, P

. . Ca, Fe, Mn, K, Sr, Ti, Pb, Cu, Zn, Si,
S5 paint layer red with yellow Cr Rb, S, P

. . . Ca, Fe, Mn, Sr, Pb, Cu, Ti, Ba, Zn, S,
S6 paint layer white with yellow Si Rb, P, Al
S7 paint layer black Ca, Mn, Fe, Cu, Ti, Pb, Si, S, Sr, Zn
S8 fine plaster layer white Ca, Fe, S, Mn, Cu, Ti
S9 coarse plaster greyish-white Ca, Fe, K, Mn, Rb, Ti, As, Sr, Cu, Si

In terms of key elements that can be associated with the used pigments, all pigmented
areas show high amounts of Fe, and for some of the areas, also of Mn, which indicate
the presence of iron and manganese-rich ochres [37]. Copper and other various trace
elements such as Ti, As, Hg, Cr, and Zn can be linked with impurities present in the ores
used for the manufacturing of pigments [40]. However, the chemical fingerprint of the
pigments may have been affected by the burial environment as well. As shown in other
studies [41], prolonged burial can lead to different enrichments of leached metals of the
soil that determine a change within the original elemental composition of the pigment. Si,
which was also found, can be linked with the presence of some common silicates, namely,
quartz, as confirmed by FTIR, that accompany the bulk pigment.
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Figure 5. XRF spectra of representative samples (51—red and black; S2—red; S3—white and yellow;
S7—black).

An aspect that stands out from the XRF data is that, compared to all other samples,
sample S7 (black pigment) is characterized by an inversed Mn/Fe ratio: while the general
tendency was for more iron as compared to manganese, for the black pigment sample, it
appears to be exactly the opposite, as illustrated in Figure 6. This would suggest the use
of a manganese-containing black pigment, possibly a manganese (di)oxide, which can be
found in black ochres [42]. On the contrary, similar samples analyzed from the site of Ulpia
Traiana Sarmizegetusa all had more iron as compared to manganese [6].

1.8
1.6
1.4
1.2

Mn/Fe

0.8
0.6
0.4

0.2
B — I B =

S1 52 53 S4 S5 S6 57

Sample
Figure 6. Manganese versus iron ratio for all pigment samples.

For each sample, the substrate was also analyzed (Figure 5), indicating Ca as a major
component, along with a smaller input of Fe and Mn, which can be associated with calcite
impurities, as it is known that Mn?* ions can substitute for Ca?* ions in marbles [43].
Additionally, minor traces of terrigenous materials were evidenced, such as K, S, and Ti.
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Compared to the decorated layers, the XRF data registered on the coarse plaster indicate
higher-intensity lines for K that could be linked to common potassium feldspars or micas.
Rubidium, a trace element frequently embedded within the lattices of numerous potassium-
containing minerals, was also found [44].

3.3. XRD Analysis

The XRD patterns registered on the pigmented layers were all very similar, with
several mineral phases being observed on all investigated fragments: calcite, quartz, and
hematite. As shown in Figure 7, calcite is the main phase identified. The high intensity of
the calcite peaks within the recorded diffractograms indicates that the pictorial layer is not
thick enough to mask the strong signal coming from the substrate [45].
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Figure 7. XRD pattern registered on the black pigmented area (sample S7) (a), on the yellow
pigmented area (sample S6) (b), and on the coarse plaster layer (sample S9) (c). Identified mineral
phases are marked as follows: C—calcite; Q—quartz; H—hematite; K—kaolinite; M—muscovite;
[—illite; B—braunite.

Braunite (Mn,O3), a naturally occurring manganese oxide frequently found in meta-
morphic manganese-rich systems and in hydrothermal deposits, could be present in the
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black finishing layer (Figure 7a) [46]. The presence of a manganese oxide is sustained
by both FTIR and XRF data. As indicated in previous studies [37,38], wads (manganese
ochres) are typically composed of one or more manganese oxide minerals along with other
associated ore and gangue minerals such as quartz, feldspar, calcite, or iron oxides. Quartz
and iron oxides under the form of hematite were observed in all pigmented areas, including
the black finishing layer, indicating that both quartz and hematite grains are associated
with the manganese oxide pigment in this latter case [45].

The presence of goethite, typically found within yellow-based ochres [37], could not
be highlighted within the X-ray diffraction pattern (Figure 7b). Limonite, jarosite ochres,
or less common yellow iron oxides such as hydroxide lepidocrocite (Y-FeOOH) were
also ruled out. This situation could be due to the low concentration of the iron oxide
chromophore present within the investigated yellow pigmented layers. However, small
amounts of hematite could be observed, which may indicate that the yellow color of the
used pigment could be due to a mix of hematite (and most probably goethite as well) with
clay minerals and other metal oxides [28].

The results of the X-ray powder analysis carried out on the coarse plaster layer indicate
that calcite and quartz are the main mineralogical components (Figure 7c). Small amounts
of kaolinite, muscovite, illite, and hematite were also confirmed. The presence of muscovite
can be correlated with the rich potassium content, a indicated by XRF analysis. All other
components were also identified via FTIR analysis.

3.4. Imaging Documentation

Examination of the wall painting fragments under raking light (Figure 8a) highlighted
specific details that indicate that the wall paintings may have been created using the a
secco technique. No characteristic technical hallmarks of a fresco painting are present: no
evidence of the typical shiny surface given by the carbonatation crust, no technological
incisions made on the fresh plaster (to help in the process of drawing), and, most impor-
tantly, no traces of smoothing or polishing of the surface made by trowel blades [24,47].
This hypothesis is sustained by the registered FTIR data that indicate, for some of the inves-
tigated samples, the presence of an organic binder. The use of the a secco technique would
also explain the conservation state of the pictorial layers—mainly very fragile, with poor
adhesion to the support, a consequence of the natural deterioration of the organic binder.

Figure 8. Details in raking light (a) and under UV fluorescence examination (b). Hyperspectral imaging details that
highlight the behavior of the pigments at specific wavelength values: 954 nm (c); 1600 nm (d).
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Images registered at different wavelengths of the SWIR region (Figure 8c,d) suggest
that a carbonaceous material may have been used for the black pigmented areas, most
probably carbon black. This hypothesis is based on the fact that some of the pigmented
areas are visible in infrared light (these areas correspond to a pigmented layer based on
a mixture of red and black pigments). Carbon-based blacks were frequently used by the
Romans, alone or admixed with other pigments in order to obtain different shades, such as
brown (obtained from hematite darkened red with amorphous carbon) [48,49].

Given the large areas of lost polychromy as well as the poor visible trace of some of
the pigments (mainly the yellow ochre pigments), the SWIR hyperspectral data cubes were
processed using linear spectral unmixing (LSU) with the aim to enhance the presence of
the pigments used for the surface decoration of the wall painting fragments. The LSU
algorithm was applied since it is able to generate abundance maps of pixels with a specific
spectral profile. These are constructed by identifying the endmembers and the fractional
abundances that correspond to each pixel. Moreover, LSU calculation allows classifying
areas with mixed pixels based on their statistic values [50,51]. The main endmembers
(corresponding to the various pigmented areas) were selected using the regions of interest
(ROI). The results of the applied algorithm are displayed as abundance maps (Figure 9),
with bright pixels representing higher abundance. The classification algorithm returned
unsatisfactory results—the actual distribution of the red pigment, for example, did not
perfectly match with the resulting fraction (Figure 9b).

Figure 9. Results of the LSU classification obtained on a selection of samples. Visible color image (a);
abundance map of the red ochre pigment (b); abundance map of the identified adhesive (c). Bright
pixels represent higher abundance.

Further analysis indicated that the results of the LSU classification were affected by
the presence of a synthetic adhesive used by the archaeologists to fix the wall painting
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fragments on a Plexiglas support immediately after excavation. As it can be seen in
Figure 9¢, this adhesive partially contaminated the surface of the wall painting fragments,
including some of the pigmented areas. In the hyperspectral data cube, the spectral
response of the adhesive could be slightly traced in the interval between 2454 and 2204
nm (characteristic infrared band for synthetic resins were also observed in some of the
investigated samples under FTIR analysis; these samples were considered contaminated
and excluded from the study). The presence of this organic consolidant also explains
the high absorption in the UV region registered for some of the areas (Figure 8b). The
unambiguous presence of calcium carbonate in all areas, highlighted by the presence of
absorption between 2100 and 2400 nm [52], may also have influenced the LSU classification.

4. Discussion

The structure of the wall painting fragments discovered in the Roman baths from
Alburnus Maior showed a typical three-layer structure: a mortar layer (arriccio), a fine
plaster layer (intonaco), and a paint layer [24]. Combined analysis highlighted a very
common Roman color palette mainly based on mineral pigments—red ochre (hematite),
yellow ochre (a mix of hematite and most probably goethite as well), manganese-rich ochre
(possible braunite), and carbon black. All identified pigments fall in the category of colores
austeri (plain colors) as defined by Pliny [9,49]. Compared to the color palette identified on
second century wall paintings from Ulpia Traiana Sarmizegetusa [6], or within the painting
hall with hypocausts from Apulum [11], the palette from Alburnus Maior is plainer. No
costly pigments (colores floridi) such as minium, cinnabar, azurite, or malachite were found.
The use of mainly naturally occurring earth pigments within the baths” decoration from
Alburnus Maior suggests that the bathing facility was not intended for the elite (Roman
officials) [49]; the historical and archaeological data indicate that the bathhouse operated
in an area frequented by administrative staff, soldiers, and civilians [5]. Given the large
areas of lost polychromy, an exact assessment of the full range of colors initially employed
for the decorations within the Roman baths from Alburnus Maior is not possible. If costly
pigments typically restricted to particularly luxurious decorations can be excluded in this
case, a wider range of austeri pigments (e.g., green earths, umbers) or pigment mixtures
could have been used.

In terms of painting technique, the presence of a protein binder could be clearly
identified in some of the samples by FTIR analysis. An organic binder such as egg, glue,
or animal fat may have been used [24]. These findings, along with the absence of any
technical hallmarks of a fresco painting, are clear indicators that at least some of the pigments
were applied with the secco technique [16]. The high concentration of calcium carbonate
registered within the pigmented areas most probably indicates that a lime rendering
(whitewash) was applied, common for both a fresco and a secco [47]. Previous studies
performed on wall painting fragments discovered at Ulpia Traiana Sarmizegetusa [6]
indicated the use of a fresco-secco technique, with lime used as a binder. None of the FTIR
spectra registered in those studies showed any signal for organic compounds potentially
used as binders. However, the accurate identification of binders could have been affected
by various factors: degradation of the original compounds, limited number of samples, or
small sampling areas [47]. These same limitations could also explain why a protein signal
was observed only in some of the investigated samples from Alburnus Maior.

The hypothesis of using a different painting technique at a Roman nearby site from
the same period is unlikely. Based on the findings from Alburnus Maior, new wall paint-
ing fragments from Ulpia Traiana Sarmizegetusa were investigated in terms of painting
technique. Figure 10 presents the imaging documentation of one of the new samples
investigated: a wall painting fragment showing red and yellow ochre decorations. UV
fluorescence examination highlighted a strong fluorescence of the yellow ochre pigmented
areas on the left half of the sample, which, in the visible spectrum, are almost indistinguish-
able. Based on the fact that iron oxides/ochres lack fluorescence as they absorb UV light,
the registered fluorescence is most probably due to the presence of an organic binder [53].
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The hypothesis that the fragment comes from an a secco painting is also sustained by the
texture of the surface. As it can easily be observed in raking light, the surface is rough,
meaning that the plaster contained a great proportion of sand, but also that the surface was
not polished—an operation which was used not for esthetical reasons, but for technical
reasons. In fresco painting, in order to provide a much-needed additional quantity of
humidity to the surface, the plaster is deliberately pressed and polished. This operation
provides the painter extra time to finish the composition [9,47].

VIS B&W UV Flucrescence

1600 nm 2000 nm FCIR RGB: 2200-1600-954 nm

Figure 10. Imaging documentation obtained on a wall painting fragment from Ulpia Traiana Sarmizegetusa.

Based on these results, several samples were collected and analyzed with FTIR spec-
troscopy. As expected, the registered FTIR spectra were dominated by strong absorptions
coming from calcite. However, for some of the investigated pigmented areas, small but
very characteristic bands associated with aliphatic C-H bands could be observed: peaks
at 2925 and 2855 cm ! (Figure 11). For these same samples, a closer examination within
the amide region highlighted some spectral variations: shoulder bands around 1650 and
1584 cm™~! that may indicate the presence of a protein binder. As already discussed in
previous studies [6,24,47], several factors may limit the capability of the FTIR technique to
accurately identify the presence of organic materials in ancient wall painting samples, such
as the low concentration of the binder and the strong absorption of the inorganic matrix
(that gives rise to wide bands associated with distortions). In order to accurately assess the
presence of an organic binder, refined procedures or more sensitive techniques need to be
employed [16,54,55]. The use of remote non-invasive techniques capable of investigating
larger and targeted areas will also be taken into account in future studies [56,57].

The analysis of the coarse plaster layer (arriccio) of the samples coming from Alburnus
Maior highlighted a very heterogeneous composition, mainly based on calcite and siliceous
sands (quartz), along with a series of other components such as kaolinite, illite, muscovite,
and hematite, with hematite present in relative high concentrations. Unlike the arriccio,
the intonaco layer shows no grains of sand or other fine aggregates, and it is characterized
by a homogeneous white color and a richer calcium content. For the application of this
fine lime-based layer, a process similar to that of traditional whitewashing may have
been used. Similar results both in terms of the composition and sequence of layers were
registered on the plasters from Ulpia Traiana Sarmizegetusa [6]. As discussed in numerous
studies [9,58-60], the number of plaster layers as well as their composition varies according
to the historical period and local practice. Depending on the location of the underlayer,
the ratio between the binder (slaked lime) and the inert materials varies. The layer that is
closest to the stone or brick wall is the thickest and roughest, ensuring good adhesion to
the support, while the top layer is thinner and has the finest texture. In practice, regional
adaptation and adjustments were frequent, especially in the provinces (the peripheral area
of the Roman Empire), where, in general, a lower number of plaster coatings were used [9].
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In this particular case, the traditional two-plaster layer sequence (arriccio, intonaco) was
used, indicating that the workers who produced them had good technological knowledge.
The iron-rich content registered for the coarse plaster layer (typically based on river sand
and slaked lime [24]) can be considered a local adaptation and indicates the use of clay-rich
materials within the matrix.
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Figure 11. FTIR spectral details showing specific features that infer the presence of an organic binder
within the investigated samples from Ulpia Traiana Sarmizegetusa.

As shown in previous studies [60,61], the mineralogical characteristic of the plasters
can be related to the geographic location, and it can be used to identify the provenance of
the raw materials used. We assumed that most of the construction materials used for the
plasters coming from Alburnus Maior were obtained from local sources. Previous studies
focused on the mineralogical and geological characterization of several ceramics found at
Alburnus Maior which indicated that the provenance area for the raw clayish materials
used was within the surroundings of Alba Iulia (Apulum) [62], which is relatively close
(less than 80 km away) to the Alburnus Maior site. These raw clay minerals were found to
be polymictic clays, with mica and iron oxihydroxide contents. The same study indicated
that the quartz sands used came from the right bank of the Mures River, southeast of Alba
Iulia (a location that provides quartz sands to the present day). Given the fact that the
ceramic findings and the wall painting fragments investigated in the current study belong
to the exact chronological segment [5], it is possible that the same raw material source
locations were used in both cases.

Regarding the geological origin of the pigments used, at this moment, only hypotheses
can be established. Calcite may have been obtained from local sources of chalk of dolomitic
limestone. Ochres, on the other hand, might have been brought by painters from sources
outside Dacia. Ancient sources of red ochres included Sinope and the Black Sea, while
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ancient varieties of yellow ochres came from Italy [9]. Geological sources of wads are poorly
described in the literature [37]. Based on the registered XRF data, the same geological
source might have been used for the red and yellow ochre pigments used at Alburnus
Maior and Ulpia Traiana Sarmizegetusa [6], with the chemical fingerprint being very similar
in both cases—Cu, Ti, Mn, As, Cr, Hg, Zn. If confirmed, this hypothesis would indicate
the existence within the Roman province of Dacia of a trade route with centers of pigment
extraction and production. The hypothesis that some of the pigments might have been
extracted from Rosia Montana (an area of extensive gold mining), or from other sources
of hematite closer by, can also be taken into account. A more in-depth analysis is needed
to accurately establish the variation in the minor and trace element contents of the ochre
pigments that could then be linked to a particular source.

5. Conclusions

In this work, an array of non- and micro-invasive techniques was used to examine the
materials and painting technique of several wall painting fragments found at the Roman
baths from Alburnus Maior (Rosia Montand, Romania). The results of this investigation
allowed a qualitative characterization of the chemical and mineralogical composition of the
pigments and plasters used as support. The identified color palette included only austeri
pigments (common earth pigments) as defined by Pliny: red ochre (hematite) for the red,
yellow ochres (hematite probably mixed with goethite) for the yellow, manganese-rich
ochres (possibly braunite) mixed with carbon for the black, and calcite for the white. As
for the painting method, the FTIR analysis performed pointed to the use of the a secco
technique, with characteristic infrared absorptions for a protein binder (egg or animal fat)
being observed in some of the investigated samples. The presence of organic binders within
the painting layers was also supported by imaging documentation that highlighted various
technical details in regard to the working methods. The mortar technology employed
included two layers (arriccio and intonaco). The arriccio consisted mainly of lime (calcite)
and siliceous sands (quartz) admixed with iron oxides and low amounts of clay minerals,
while the intonaco was based almost on pure lime. For the plasters, local sources were most
probably used: clay deposits within the surroundings of Alba Iulia, and quartz sands from
the right bank of the Mures River.

The obtained results were discussed in light of the archeological context and existing
earlier studies carried out on wall painting fragments from the same period. Moreover, new
wall painting fragments from Ulpia Traiana Sarmizegetusa (a nearby important Roman
archeological site) were analyzed in terms of painting technique. The registered data
indicate that the pigments were applied a secco, and not a fresco as initially thought, with
the presence of an organic binder being inferred via FTIR analysis as well as combined
imaging documentation. Some limitations of FTIR spectroscopy in terms of the capability
to accurately identify the presence of organic binders (present in low concentrations) in
small wall painting fragments were also discussed.

While, in terms of pigments and manufacturing technique, some similarities were
found between the sites of Alburnus Maior and Ulpia Traia Sarmizegetusa, there were also
some differences, specifically regarding the pigments used for the black, red, and white
areas. The black-colored areas appear to have been made with a mixture of a manganese-
based pigment and carbon black in the case of Alburnus Maior, as opposed to the pigment
used at Ulpia Traiana Sarmizegetusa, which was found to be bone black. Additionally, no
traces of the less encountered white pigment discovered at Ulpia Traiana Sarmizegetusa,
strontianite white, were found at the Alburnus Maior site, where the white pigment was
calcite. One of the red pigments identified at Ulpia Traian Sarmizegetusa, red lead, does
not appear to be present in the samples from Alburnus Maior, where the only red pigment
identified was red ochre (hematite). The question of whether these differences between the
two closely located archaeological sites are related to the personal choice of the craftsmen
or the available (locally or imported) materials needs additional research in order to be
properly answered and put into context.
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Overall, the results of this study bring to light new information regarding the materials
and pictorial techniques used for the execution of decorative polychrome wall paintings
within the Roman provinces. The first evidence regarding the use of the a secco painting
technique within two important Roman archeological sites from the Roman province of
Dacia is presented. These findings add an important contribution to the existing literature
regarding the use of organic binders in Roman wall paintings and testify the high technical
skills and esthetic awareness of the Roman artisans.
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