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Abstract

In recent decades, there has been an increase in the development of non-invasive and non-
destructive analytical techniques in the field of cultural heritage. The present study aims to
characterize the frescoes in the hypogeum environment of the San Pietro a Corte complex
in Salerno (Campania, Italy) through a multi-analytical approach that couples Infrared
Reflectography with X-Ray Fluorescence Spectrometry. Thermographic and hygrometric
measurements were also performed to evaluate their state of conservation in relation to
environmental parameters such as relative humidity and temperature at the frescoed walls.
Spectroscopic investigations revealed a predominant use of natural pigments—chiefly
iron-rich earths—and uncovered details invisible to the naked eye that aid art historians
in refining stylistic attributions. Hygrometric data showed that the central zones of the
frescoes retain the highest moisture levels, underscoring the need for a carefully tailored
conservation plan. Overall, this multi-analytical methodology provides important infor-
mation that enables conservators and restorers to understand both the materials and the
preservation requirements of these artworks from a scientific and conservation perspective.

Keywords: cultural heritage; X-Ray Fluorescence Spectrometry; non-invasive analysis

1. Introduction and Historical Background

The San Pietro a Corte (SPC) Complex is located in the historical center of Salerno
(Campania, Italy). Since its construction, in the eighth century AD, its chapel has had
diverse uses (e.g., a place for graduation ceremonies of the Salerno Medical School). Six
meters below the current street level, there are two different environments: one in the
east side containing a Paleochristian Church, which previously was a temple of Priapus,
having some wall frescoes, and another in the west consisting of the thermal structure of
a frigidarium pool [1]. Figure 1 shows the location of the two better preserved frescoes
inside the hypogeum environment of SPC: the fresco “Madonna in trono con bambino”,
representing the Madonna on the throne with the Child on the right and S. Caterina
d’Alessandria on the left, is highlighted in yellow; the “Teoria di Santi” fresco, depicting
the Virgin seated on a throne with Jesus, S. Giacomo, S. Pietro, S. Caterina d’Alessandria,
and an unidentified saint, is highlighted in green [2].
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Figure 1. Location of the frescoes inside the hypogeum (from left to right): “Madonna in trono con
bambino” in yellow, and “Teoria di Santi” in green.

The SPC complex has been the subject of recent studies due to problems related
to the conservation of these frescoes, exposed to phenomena of salt crystallization and
efflorescence [2,3]. It is well known that the main factors in the deterioration of stone
materials and wall paintings located in enclosed spaces are temperature excursions, water
and humidity [4-6], soluble salts [7-11], and microorganisms [12-14]. High humidity values
over long periods of time cause alternating cycles of hydration and dehydration, which,
in the presence of soluble salts, lead to solubilization and recrystallisation phenomena,
resulting in an increase in pressure within the material to the point of damaging part of its
structure [15]. In the SPC hypogeum, saltpeter efflorescences of a biological origin were
found, probably due to the infiltration of wastewater from nearby houses [2]. The high
humidity of the air found in the complex and the presence of water infiltrations make the
conservation of its works of art very difficult. In fact, the signs of degradation due to these
phenomena are clearly evident: frescoes are completely covered by salt efflorescences as
shown in Figure 2 (for comparison the red square highlights the area of the fresco that has
been cleaned with a soft brush).

From a stylistic viewpoint, these frescoes, dating back to the mid-twelfth to thirteenth
century AD, have a pictorial matrix related to Byzantine culture. Although medieval artists
generally had access to a wide palette, the hues employed in mural painting were necessar-
ily more restricted: the alkaline wall matrix (usually slaked lime with sand or ground marble
as fillers) is too aggressive toward most organic pigments, limiting painters to inorganic
colorants [16]. Consequently, accurate identification of materials and techniques is critical
for selecting appropriate restoration treatments and for devising preventive—conservation
strategies [17-19]. Because the frescoes are already in a fragile state, the study relies on non-
destructive analytical methods, now widely favored in cultural-heritage research precisely
to avoid additional damage [20-22]. Rapid progress over the past decade has expanded the
range and sensitivity of such techniques [23-29]. Portable instrumentation is particularly
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valuable: it allows for in situ characterization of raw materials and decay products, and
pinpoints areas suitable for micro-sampling when laboratory study is indispensable [30,31].

Figure 2. Photo of a portion of “Teoria di Santi” fresco, where salt efflorescences are evident; the red
square highlights the area of the fresco that has been cleaned with a soft brush.

The present work focuses on the characterization of the fresco paintings of the hy-
pogeum environment of the SPC complex applying a multi-analytical protocol. Infrared
Reflectography (IR-R) and X-ray Fluorescence (XRF) spectroscopy were used to map pig-
ments and under-drawings, while thermographic and hygrometric surveys revealed mois-
ture gradients and structural discontinuities along the painted surfaces. This integrated
screening offers an initial picture of the frescoes’ conservation state [32], highlights zones
that may warrant deeper diagnostics [33,34], and provides essential baseline data for
future interventions.

2. Materials and Methods

Thermographic analyses were carried out inside the frigidarium environment, specifi-
cally surveying the walls at the two investigated frescoes. A FLIR T540 thermal imaging
camera was used and the following parameters were set: Field of view: 25° x 19°; Min-
imum focusing distance: 0.40 m; Thermal sensitivity: 0.045 °C to + 30 °C; IR resolution:
320 x 240 pixels; Temperature range: —20 °C to +350 °C.

Hygrometric investigations were carried out with an MO257 moisture meter from
EXTECH Instruments (Boston, MA, USA), which detects relative humidity in contact with
the surface by means of a spherical probe avoiding surface damage. The measuring points
identified on the surface of the fresco “Madonna in trono con bambino” are arranged along
a vertical band measuring 20 x 200 cm, in correspondence with the figure of the Madonna
on the right side of the fresco, measuring the humidity values every 20 cm. The values
measured with the hygrometer were then processed with the software IC Capture 2.4 from
the Imaging Source Europe Gmbh (Bremen, Germany), which made it possible to obtain a
‘mapping’ of the humidity distributed on the surface (hygrometric tomography).

Infrared Reflectography (IR-R) analyses were carried out with an IRIS DIGITAL BASIC
instrument from Bresciani S.r.1. (Milano, Italy) consisting of an objective with interchange-
able pass-band filter lenses, capable of recording responses in the infrared spectral range
up to 1100 nm. The lenses are interchangeable and were used in sequence (715 nm; 850 nm;
1000 nm) to detect the presence of any retouches or pre-paintings carried out on the
“Madonna in trono con bambino” fresco.
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X-Ray Fluorescence (XRF) Spectrometry measurements for elemental pigment analysis
on the two frescoes (Madonna in trono con Bambino” and “Teoria di Santi”) were performed
using a Hitachi X-MET 8000 Expert GEO handheld XRF spectrometer (Hitachi High-Tech
Analytical Science, Tokyo, Japan), equipped with a Rh anode X-ray tube. The following
acquisition parameters were set:

- Light element detection: voltage of 8-15 kV, current of 100-150 pA;

- Detection of heavy elements: voltage of 1545 kV, current of 100-33 puA;
- Acquisition time equal to 30 s;

- Spot size equal to 3 mm.

Figure 3 shows the measuring points for the two frescos.
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Figure 3. Measuring points of XRF analysis on the frescoes: (a) “Madonna in trono con bambino”
and (b) “Teoria di Santi”. Red circles indicate the exact point of measurement.

3. Results
3.1. Characterization of Temperature and Humidity on the Fresco Walls

Thermographic and hygrometric surveys were carried out inside the frigidarium,
targeting the sections of wall that bear frescoes.

Because the chamber lies as much as 6 m below ground level and remains perennially
humid, surface temperatures proved almost uniform, varying only from 18.9 up to 19.6 °C
(AT = 0.7). This negligible gradient rendered infrared imaging uninformative, so no
thermograms are presented.

In contrast, the in situ moisture readings collected with a contact hygrometer were
post-processed to create false-color maps of water content (hygrometric tomograms) across
each painted surface. Figure 4 shows the hygrometric tomography of the fresco “Madonna
in trono con Bambino”.
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Figure 4. Hygrometric tomography of the fresco “Madonna in trono con Bambino”.

As can be seen from the image shown in Figure 4 and the relative humidity scale in
false colors, the investigated fresco is affected by a widespread phenomenon of surface
humidity. The phenomenon is especially visible in the central and upper areas of the fresco
(highlighted by the colors turning to blue—violet), which represents a state of maximum
saturation. A similar trend had been observed for the fresco “Teoria di Santi”, with higher
humidity values in the central part of the fresco.

3.2. Spectroscopic Investigations

IR-R was used on the fresco “Madonna in trono con Bambino” using different filters
(715 nm-850 nm-1000 nm) to reveal possible hidden details, such as retouches, under-
drawings and pentimenti, beneath the surface of the fresco. The main results of these
measurement are reported in Figure 5, with images focused on the area where the Child
Jesus is present (details of its face, the hand of the Madonna, their robes, and part of the
throne where they are seated).

Because superficial salt efflorescences are largely transparent in the infrared, whereas
the pigments absorb in that region, IR imaging yields a far clearer reading of the fresco—an
essential step before any cleaning intervention. In the 715 nm band (Figure 5c), subtle
surface modelling becomes evident, such as the nuanced shading of the Madonna’s hand
resting on Jesus’ shoulder (contoured in Figure 5f with yellow arrows), revealing a more
elaborate execution than can be discerned with the naked eye. The presence of thin
shading details and chiaroscuro effects (Figure 5f) are visible only on this specific wavelength
(715 nm), suggesting that the artist was involved in a more sophisticated and accurate
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compositional process. The detection of these nuances through imaging techniques reveals
that the artist intentionally used light and shadow to enhance the realism and depth of the
figures. IR-R technique exposes areas of past reintegration and retouching (e.g., the rigatino
restoration technique for the halo of Jesus, contoured in blue in Figure 5c,e). Conversely,
no pentimenti or preparatory under-drawings were detected at the longer wavelengths
typically used to reveal them (850 nm, 1000 nm).

1000 nm

* o9  Shading and
h «rigatine» ot * ¥ 8. chiaroscuro
S technigue ; . effects -

.

Figure 5. IR-R images obtained with different filters: (a) Visible; (b) 850 nm; (c) 715 nm; (d) 1000 nm.
The magnifications of areas marked in blue and yellow in the image (c) are also shown to highlight
the details observed with IR-R: area marked in blue for rigatino technique (e) and yellow arrows for
shading and chiaroscuro effect (f).

Elemental analysis by portable X-ray fluorescence (XRF) was carried out on the two
most representative and best-preserved frescoes in the hypogeum—"Madonna in trono con
bambino” and “Teoria di Santi”. The resulting spectra, presented in Figures 6 and 7, include
measurements on both the lime-based substrate and the principal color areas (white, yellow,
red, brown, green, and black).
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By comparing the data obtained with the XRF database for pigments [35], the various
pigments were assigned as shown in Table 1. From the analysis of the lime substrate
(Figure 6a), in addition to calcium, iron, and sulfur were also found, the former probably
due to the use of small quantities of iron-based earths mixed with the lime matrix, and
the latter due to the presence of both sulfate-based salt efflorescence and gypsum. For
this reason, a contribution of these elements was always observed in the subsequent

pigment analyses.
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Figure 6. XRF spectra of the fresco “Madonna in trono con bambino” measured at the following
points: (a) limestone; (b) white pigment; (c) yellow pigment; (d) brown pigment; (e) green pigment
with a magnification of the area between 1 and 3.5 keV; (f) black pigment. The bottom right of
each spectrum shows the image of the measurement point: red circles indicate the exact point of
measurement. The overlayed spectra (blue, orange, and magenta) are referred to the different voltages
(8,15, 45 kV) used for the detection of light and heavy elements.
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Figure 7. XRF spectra of the fresco “Teoria di Santi” measured at the following points: (a) red pigment;
(b) white pigment; (c) yellow pigment; (d) brown pigment; (e) green pigment; (f) black pigment. The
bottom right of each spectrum shows the image of the measurement point: red circles indicate the
exact point of measurement. The overlayed spectra (blue, orange, and magenta) are referred to the
different voltages (8, 15, and 45 kV) used for the detection of light and heavy elements.

The XRF survey on the white pigments of both frescoes shows calcium as the dominant
element, with only minor iron and sulfur. Because no lead, tin, barium, zinc, or titanium
were detected, the use of lead white, tin white, barium-based “fixed” white, zinc white,
or titanium white can be ruled out. The white layer is therefore consistent with chalk, i.e.,
calcium carbonate (CaCOj3). Yellow, brown, and red areas all display markedly higher iron
than the lime substrate, plus variable calcium and sulfur that originate from the plaster
and salt efflorescences rather than the pigments themselves. The absence of cadmium
and silicon excludes cadmium yellow (CdS) and enamel yellows (SiO; + CdS). The iron
abundance instead points to iron-oxide earths: yellow = yellow ochre (limonite, FeO(OH)),
brown = burnt sienna (limonite with hematite), and red = red ochre (hematite, Fe;O5-nH,O).
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The green strokes exhibit the same iron signature but with detectable Si, K, Mg, and Al.
The presence of low amounts of silicon and potassium and traces of magnesium and
aluminum (see the magnification in Figure 6e) can be attributed to the use of Green Earth
(silico-aluminates of Fe?* /Fe3*). The black pigment, on the other hand, is the only organic
pigment detected. Calcium, sulfur, and traces of strontium are the only elements detected;
as carbon itself is invisible to XRF, this indicates the possible presence of charcoal black.

Table 1. Result of XRF analysis: elemental composition of the pigment from “Madonna in trono con
bambino” and “Teoria di Santi”.

Fresco Painting Measuring Point Main Element (Minor Element) Assignment
Limestone Ca (Fe, S) CaCOs
White pigment Ca, (Fe, S, Sr) Chalk (CaCO3)
Madonna in trono con Yellow pigment Fe, (Ca, S) Yellow Ochre (limonite: FeO(OH) - n H,O)
bambino Brown pigment Fe, (Ca, S) Burnt Sienna (limonite and hematite)
Green pigment Fe, (Si, Ca, S, K, Mg, Al) Green Earth (silico-aluminates of Fe?* /Fe?*)
Black pigment Ca, S (Fe, Sr) Charcoal Black
Red pigment Fe (Ca, S) Red Ochre (hematite: Fe,O3-n H,O)
White pigment Ca (Fe, S, Sr) Chalk (CaCO3)
. . Yellow pigment Fe, (Ca, S) Yellow Ochre (limonite: FeO(OH)-n H,O)
Teoria di Santi Brown pigment Fe, (Ca, S) Burnt Sienna (limonite and hematite)
Green pigment Fe, (Si, Ca, S, K, Mg, Al) Green Earth (silico-aluminates of Fe?* /Fe3*)
Black pigment Ca, S (Sr) Charcoal Black

4. Discussion

The multi-analytical protocol adopted here—relying exclusively on non-destructive
techniques—yields critical information on both the pigment palette and the conservation
state of the hypogeum frescoes in the San Pietro a Corte complex (Salerno, Italy), thereby
giving conservators a sound scientific basis for future interventions.

Thermographic and hygrometric surveys reveal a pervasive surface-moisture problem:
relative-humidity values approach 100% in the central zones of the paintings. Such readings
are consistent with the microclimatic conditions of this subterranean space, where high
ambient humidity is readily absorbed by the porous plaster.

Infrared reflectography revealed interesting technical and iconographic details of the
representation not directly perceptible to the naked eye [36] (mainly due to high occurrence
of saline efflorescences on fresco surface): the presence of a shading (attributable to a more
elaborate execution) and signs of painting integration and restoration on the “Madonna
in trono con bambino fresco” can be observed. The improved legibility of the figure of
the Madonna could allow for comparative studies with other contemporary examples in
southern Italy [17].

The results of the XRF analysis, carried out on the main colors of the representation
(white, red, yellow, brown, green, and black), are in line with those reported in the literature
for other medieval frescoes discovered in southern Italy [7,17,37,38]: the palette is domi-
nated by naturally occurring earth pigments—long prized for availability, chromatic range,
and compatibility with the alkaline fresco technique [37]. Calcium (from the lime plaster)
and sulfur (from both sulphate efflorescences and sulfation of paint layers) are ubiquitous.
The white pigment shows a composition similar to that of the substrate; therefore, it has
been identified as chalk, in line with data reported in similar literature studies [17,37-39].
The only organic pigment found in this study is the black one that can be attributed to the
use of charcoal black. The detection of iron, associated with its oxides and hydroxides, as
the main element for the red, yellow, brown, and green colors, suggest the use of red and
yellow ochres, burnt sienna and green earth [37,40,41]. Such earthy pigments (red, yellow,
brown, and green) were usually employed thanks to their complete compatibility for the
fresco technique [42,43].



Appl. Sci. 2025, 15, 7286

10 of 12

As observed in other hypogeum contexts [7,17], the inherent durability of these inor-
ganic pigments has preserved the pictorial layers despite harsh environmental conditions.
The greatest conservation threat remains the elevated humidity—particularly in the fres-
coes’ central areas, where it coincides with extensive salt efflorescence. The data obtained
suggest that the areas most at risk are in the central portions of the frescoes. Taking action
to decrease the moisture content within the site is not advisable, as this would facilitate the
crystallization of currently dissolved salts (such as sulphates, which are more dangerous)
causing further plaster detachments. Likely, the site is currently in a state of equilibrium,
which requires a careful and delicate conservation plan in order to best protect it.

5. Conclusions

In this study, the fresco paintings of the hypogeum environment of the SPC complex
(Salerno, Italy) were characterized using non-invasive analytical techniques: IR-R and
portable XRF provided detailed mapping of the pictorial layers, while thermographic and
hygrometric surveys documented temperature and moisture distribution across the walls.

XRF results indicate a palette dominated by natural earth pigments—red and yellow
ochres, burnt sienna, and green earth—alongside chalk (calcite) for white passages and
charcoal black as the sole organic pigment. IR-R exposed iconographic and technical
details invisible to the naked eye, enriching stylistic comparisons with other regional works.
Hygrometric mapping pinpointed the central zones of the murals as the most at-risk areas
owing to elevated humidity, likely caused by infiltration, suggesting a careful and delicate
conservation plan in order to best protect these frescoes.

Overall, the multi-analytical dataset offers conservators a robust scientific foundation for
developing targeted, minimally invasive interventions, and long-term preventive strategies.
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