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1. The AIAr Project

The archaeometric study of the frescoes by the painter Saturnino Gatti (1463–1518)
in the apse of the Church of San Panfilo in Villagrande di Tornimparte (L’Aquila) was
the subject of the II National Research Project [1] conducted by members of the Italian
Association of Archaeometry (AIAr). The research activities were carried out as part of a
scientific agreement of the AIAr, signed in 2020 by the Abruzzo Regional Secretariat of the
Ministry for Culture and Superintendence of Archaeology, Fine Arts and Landscape for
the provinces of L’Aquila and Teramo. Several non-destructive in situ investigations and
laboratory analyses on micro-fragments sampled from the different levels of the pictorial
cycle were carried out thanks to the co-working of 21 Research Groups, with more than
60 AIAr researchers involved in the different stages of scientific studies of pictorial materials
and of the environmental conditions in which the frescoes are now preserved.

The present Special Issue is an important opportunity to illustrate for the first time the
results of the pre-restoration diagnostic study. The research project for the archaeometric
study of the cycle of frescoes by the painter Saturnino Gatti (Figure 1) was carried out
through the application of analytical methodologies made available by the Research Groups
as members of the AIAr. The technical–scientific study of the pictorial cycle at the church of
San Panfilo was aimed at providing useful indications both from a purely cognitive point of
view, as a deepening of the artistic technique of the painter and his collaborators, and from
a conservative point of view. In fact, the knowledge of the materials and the evaluation
of the state of conservation are essential to supporting and guiding the methodological
approach for the future planning of restoration works of the frescoes, helping to guarantee
the principles of sustainability, durability and compatibility of the materials on which a
correct conservative approach is based.

Appl. Sci. 2023, 13, 8924. https://doi.org/10.3390/app13158924 https://www.mdpi.com/journal/applsci
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(a) (b) 

Figure 1. (a) Church of San Panfilo in Villagrande di Tornimparte in the province of L’Aquila.
(b) Cycle of frescoes in the apse by Saturnino Gatti (1463–1518) object of study and research activities.

The scientific investigation campaign, whose methods and results are described in
detail in the articles of this Special Issue, was identified following the technical inspection
carried out by the restorers and art historians. This preliminary phase was aimed at
understanding the needs in terms of knowledge and conservation features, the extension of
the areas to be investigated for the documentation of the degradation and the management
methods of the in situ and laboratory investigations.

The macro-objectives followed by the working groups coordinated by the Scientific
Board of AIAr were:

• to document the state of conservation of the architectural building and the
painted surfaces;

• to analyse the microclimate and the level of inertia of the church in relation to
external conditions;

• to understand the degradation phenomena of the pictorial surfaces and the masonries;
• to identify and map materials of previous restoration works superimposed onto the

original pictorial surfaces;
• to characterize the original materials and pictorial techniques (“a fresco” vs. “a secco”);
• to identify the artistic technique and typical features of Saturnino Gatti and the other

painters who worked in San Panfilo church.

In detail, the activities and the objectives addressed after a fruitful dialogue with
staff delegated to the conservation and safeguarding of the cycle of frescoes are those
illustrated below:

A. Digital photogrammetric surveys aimed at the documentation of the state of con-
servation of the architectural artefact and the paintings. The fully non-invasive
technique guarantees the robust restitution of three-dimensional geometries and a
high-resolution rendering of the pictorial surface. The obtained photorealistic 3D
digital model can be used not only for mere documentation purposes, but also as a
measurable support for diagnostic mapping. Moreover, the 3D model, deriving from
a replicable photographic process, will allow researchers to quickly and effectively
document the pre- and post-intervention.

B. Microclimate monitoring and analysis of the level of inertia of the building with
respect to external conditions. The acquisition, processing and analysis of thermo-
hygrometric values for the assessment of environmental conditions allow researchers
to: (i) detect the condition of the thermo-hygrometric parameters, temperature (T,
◦C) and relative humidity (RH, %); (ii) compare the measured values with the micro-
climatic parameters for the correct conservation of the artefacts of different nature
identified by the Recommendation [2,3]; (iii) analyse the daily ranges of temperature
and relative humidity and compare them with the values indicated by the Recom-
mendation [2,3] in order to evaluate the influence of the conservation conditions;

2
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(iv) calculate the dew point temperature values for highlighting the condensation
phenomena; and (v) indicate any corrective measures (active or passive) for reaching
the thermo-hygrometric parameters for correct conservation.

C. Mapping of the restored areas and identification of the restoration materials that
overlapped during past documented and undocumented conservation interventions.
Through the integration of diagnostic imaging techniques and spectrometric analyses,
the areas affected by repainting, remakes, stuccos, and protective materials applied
to the original surfaces have been localized in detail. The characterization of these
overlapping materials provided a guide to assess applicable treatments and the
removal of materials that compromise the durability of the original layers. Particular
attention was paid to understanding the blue background layer on the vault surface,
heavily darkened, to evaluate what the original appearance was and how many layers
and which materials were superimposed over time (Figure 2).

  

  

Figure 2. Details of the vault affected by a dark blue background and comparison between the
current conditions and the ICR pre-intervention status in a historical image (bottom right), taken
from Archivio storico e Archivio fotografico della Soprintendenza Archeologia Belle Arti e Paesaggio
di L’Aquila e Teramo.

In fact, the site has undergone various restoration interventions over time, not all of
which have been documented, that have variously attempted to address the conservation
issues and have had aesthetic results that were not always respectful to the formal and
stylistic reading of the original figurative complex (Figure 3). At a first macroscopic evalua-
tion, these interventions were faced with different criteria from time to time, generating a
palimpsest that needs to be reconstructed for a correct diachronic and stratigraphic inter-
pretation of the remakes in relation to the original layers still present under the repaintings.
The interpretation of the diagnostic results constitutes objective support for evaluating
the removal of areas of renovation which currently partially or totally hide traces of the
Renaissance frescos.
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Figure 3. Examples of typical alterations found in the lower and upper portions of the apsidal basin.

D. Characterization of the original materials of the “a fresco” area and any “a secco” lay-
ers, including both inorganic (pigments and plasters) and organic (binders, additives,
etc.) constituents. The identification of the palette in the various scenes of the pictorial
cycle could allow researchers to evaluate the presence of different “interventions” or
periods, providing art historians with further data for an objective identification of
the portions attributable to the Saturnino Gatti workshop, to date hypothesized only
based on historical–stylistic features.

E. Study Saturnino Gatti’s artistic technique and the organization rules of his workshop
by obtaining information on the techniques of transporting the drawing and the
construction of the figurative system, in an attempt to identify operational peculiarities
that could distinguish portions painted by Saturnino Gatti from those painted by
collaborators. During the preliminary inspection, it was possible to observe the
complex system of engravings, particularly in some exposed areas due to the partial
or total lacunae of the pictorial layer (Figure 4). Furthermore, in a close view of the
surfaces, the typical dots of the “spolvero” technique are visible.

 
 

Figure 4. Examples of the several engravings visible both in the pictorial portions characterized by
total collapse and in those with a good state of conservation.

This first evidence was deepened during the in situ photographic and multispectral
investigation. This diagnostic approach based on multispectral imaging also allows for a
better iconographic interpretation, highlighting the volumetric effects of the figures and
the perspective relationships altered by degradation phenomena or repainting that has
overlapped over time. Furthermore, in order to obtain a deeper identification of artist
technique and understanding of the technical choices of the workshop, the study envisaged
the characterization of the plasters (number of layers, type of aggregates, binders, presence
of primers, etc.) through mineral–petrographic analyses.

F. Documentation, mapping and understanding of the phenomena of degradation (cur-
rent or pre-existing) of the pictorial surfaces and the architectural structures on which

4
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they stand (Figure 5). This phase of the study returned a lot of fundamental infor-
mation to document the different types of degradation, to guide the design choices
and to guarantee the durability of the future restoration intervention. In fact, suitable
analytical methodologies were used to locate the pictorial or wall areas affected by
water infiltration from windows or roofing and capillary rising damp.

  

(a) (b) 

  
(c) (d) 

Figure 5. Details of the alterations observed at the different levels of the pictorial surfaces:
(a,b) details of the pictorial surfaces altered along the apse; (c,d) details of the alterations affect-
ing the pictorial surfaces of the vault.

Analyses of soluble salts which generate efflorescence (and/or sub-fluorescence) were
also conducted. The identification of salts allowed for understanding the degradation
phenomena in progress that involve the constituent materials or external compounds in-
troduced by the surface migration process, in order to evaluate the appropriate removal
treatments. The study of the cross-section evaluated the degradation effects generated by
crystallization and solubilization on the original portions and on the integration of mortars
implemented during the numerous previous interventions applied to the site during the
20th century, while also considering the external and internal climatic conditions. With
regard to the plasters and the pictorial layer, compositional and stratigraphic investigations
(in situ and in-lab) were carried out aimed at understanding the phenomena of chromatic al-
teration or selective detachments, both in relation to current or past conservation conditions
and to the peculiarities of the artistic technique.

To achieve these objectives, the study was performed, in the first phase, via in situ/non-
invasive techniques using portable instrumentation and, successively, by means of micro-
destructive analyses on samples collected from accessible surfaces. The integrated multi-
analytical approach was selected due to the complementarity of the expected results as
well as minimizing the number of samples, guaranteeing as much as possible the integrity
of the surfaces analysed.

The non-invasive analyses, performed on the pictorial layers of the whole apse, in-
volved: (1) photogrammetric surveys based on computer vision algorithms integrated with
SfM (Structure from Motion); (2) measurement and monitoring of thermos-hygrometric
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parameters; (3) multispectral investigations—infrared reflectography (IRR), false colour in-
frared (FC-IR), imaging of luminescence in the visible induced by ultraviolet (UVL) lighting;
(4) hypercolorimetric multispectral imaging (HMI); (5) digital optical microscopy in visible
and ultraviolet light; (6) traditional and/or pulse compression IR thermography (PuCT,
pulse-compression thermography); (7) X-ray fluorescence spectrometry (XRF); (8) external
reflectance Fourier transform infrared spectroscopy (ER-FTIR) and/or total attenuated
reflectance (ATR-FTIR); and (9) Raman spectroscopy.

On the other hand, the micro-destructive techniques on fragments selected on the
basis of the first results of the in-situ investigations concerned: (1) Raman spectroscopy and
surface-enhanced Raman scattering (SERS); (2) polarizing optical microscopy (OM) and
scanning electron microscopy with microanalysis (SEM-EDS) on thin and polished sections;
(3) ion chromatography for the analysis of soluble salts; (4) X-ray diffraction analysis (XRD);
and (5) mass spectrometry analyses.

Figure 6 showed the sampling areas of the 47 micro-fragments sampled from the
apsidal basin and on the central part of the vault. In particular, the five pictorial panels
were been identified with the letters A, B, C, D, E as follows:

• Panel A—first painting from the left of the apse basin, depicting “Christ in the Garden
of Gethsemane”;

• Panel B—depicting the “Coronation with Thorns”;
• Panel C—depicting the “Crucifixion” (no longer visible due to deterioration and

previous interventions);
• Panel D—fourth panel from the left of the apsidal basin, depicting the “Lamentation

over the Dead Christ”;
• Panel E—fifth panel from the left of the apse basin—Resurrection;
• Vault—central part depicting “God the Father Blessing”.

Figure 6. Panels (from left of the apse) (A–E) and (vault): Location and denomination of the areas
where the 47 fragments of plaster and pictorial layers were taken. Each sampling areas have been
selected on the basis of the first results of the in-situ investigations.

The following section describes the history of the building and the most relevant
historical aspects about the frescoes (patronage, chronology, iconographic programme, and
artistic reference models), information useful for the understanding and contextualization
of the results provided by the project.
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2. Saturnino Gatti’s Frescoes in Their Historical Context by Saverio Ricci (Ministero
della Cultura, Soprintendenza Archeologia, Belle Arti e Paesaggio per le Province di
L’Aquila e Teramo)

The church of San Panfilo in Villagrande (declared as a National Monument in 1902) is
the only one, among the others located in the several small villages called “ville” belonging
to the municipality of Tornimparte, that is still preserved in its original architectural shape.
Founded around the year 1000, the church is preceded by a large, raised arcade inside of
which are walled ashlars from the Roman Era and other fragments from the Middle Ages,
including a stone that is engraved with the date 1471—in the opinion of some historians,
this could be proof that the church was partially rebuilt after the earthquake of 1461. This
belief was expressed by some authors [4,5], according to whom over the centuries the
building was extensively reconstructed in those parts that had fallen because of historical
earthquakes (among them, the Great Earthquake of 1703 and the Marsica Earthquake of
1915). The façade is bordered on the left by a sloping wall and on the opposite side by the
bell tower; it appears to be of modest elevation due to its disproportionate width, having to
cover the space of four naves, which are also flanked on the left side by another longitudinal
room, practically the same size as the side nave, formerly occupied by the ossuary and
used since 1832 as the Oratory of the Congregation of Our Lady of Sorrows. The part above
the arcade was fully renovated in the 20th century, as can be seen by observing the rose
window, no longer adorned with theories of small arches framing an orbicular light, but
simply closed by a modern stained-glass window depicting the titular saint of the church,
Saint Pamphilus, a long-time evangeliser, bishop, and patron of Sulmona who lived in the
7th century. The interior space is divided into four naves: two to the right, the central nave,
and the left one. In the left aisle is the Chapel of the Crucifix and two altars dedicated to
St Francis and St Pamphilus. In the first right aisle is the altar of the Nativity, while in
the adjacent aisle are the chapel of the Visitation and altars dedicated to the Holy Rosary
and St Joseph.

In any case, the building’s fame is mainly due to the cycle decorating the apse, which
was commissioned by the Community to the painter Saturnino di Giovanni di Gatto, born
in the nearby village of San Vittorino (nowadays in the municipality of Pizzoli). It has been
possible to establish the chronology of the cycle in a rather precise manner, since the archival
findings delimit with a good margin of precision the interval within which Saturnino Gatti
executed the decoration of the apse. The first document is dated 23 May 1489, a payment
mandate with which Saturnino received forty-five florins from “Dominico Antoni Paulutii
de Tornamparte” for the frescoes to be painted in an unspecified chapel in the church;
on 1 May 1490, the commissioned artist signed the contract to paint the apse of the same
church; on 19 April 1491, the “massari” of Tornimparte procured the money to be paid to
Saturnino for the work in progress, renting the pastures of Villagrande for three seasons;
the last balance for the paintings is dated 12 December 1494, but already in February, two
renowned masters, Silvestro dell’Aquila and Sebastiano di Cola da Casentino, had been
called ”ad pretiandum picturam”, i.e., summoned to the site as experts to estimate the
completed works in the “cappella sive tribuna in dicta ecclesia” [6]. Some historians have
argued that these were two separate commissions, but the most complete transcription and
interpretation of the documents carried out by [5,7] seems to have removed any doubts
in this regard, demonstrating that the documents transcribed are related to the same
decorative enterprise: the payment received in 1489 should be interpreted as an advance
payment, and the work was carried out from 1491 to 1494, as also stated by Gatti’s most
authoritative scholar, Ferdinando Bologna [8].

Turning to the topic of narrative structure and subjects illustrated in the cycle, note
how the apsidal dome hosts a representation of Paradise with the imposing figure of God
the Father Blessing at the centre of the vault, surrounded by the apostles and male saints
(on his right), the Virgin Mary and female saints (on the left side), a whirlwind of Cherubs
arranged around the perimeter of the mandorla within which God the Father stands out,
angels in flight scattering flowers and a choir of fifteen musician angels, as evidenced by a
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scroll containing a short fragment of a musical score supported by two angels with ribbons,
which reads “Gloria in excelsis Deo”. The Gregorian chant evoked belongs to an ancient
mass, dating back to the 11th century, widely used in the Catholic liturgy [9]. The apsidal
basin originally featured the following scenes from the Passion of Christ divided into five
panels, depicting in the following order, counter clockwise: (1) Capture of Christ in the
Garden of Gethsemane; (2) Coronation with Thorns; (3) Crucifixion (?); (4) Lamentation
over the Dead Christ; (5) Resurrection.

Of the original cycle, the first, fourth and fifth panels remain intact, while the second
was completely repainted, including the faux architecture framing it, probably in the second
half of the 17th century. The third panel, on the other hand, is almost entirely lost, also due
to the unfortunate opening, in uncertain times, of a large window to allow light into the
room. It is interesting to observe the iconographic complexity of the first panel, which hosts
two other episodes secondary to the main scene, closely connected to it but chronologically
to be fixed before the moment in which the Capture of Christ takes place. These are: (a) the
Kiss of Judas, in the background and characterised by the presence, never noted before, of
a turreted city seen from a distant point of view, identifiable as Jerusalem, concealed by a
thick veil due both to the Saturnino-esque use of aerial perspective (and thus the desire
to artificially recreate the effect of atmospheric haze), and to the accumulation of particles
on the paint film; (b) St. Peter amputating Malchus’ ear—in this case, Saturnino placed
the figures in the foreground, although the episode was narrated as contemporary with
the betrayal perpetrated by Judas, thus preceding the moment when Jesus, after having
healed the servant of the High Priest mutilated by the apostle, hands himself over to the
Sanhedrin guards, as told in the Gospel of St. John.

The Stories of the Passion are anticipated, on the left side, by a mock niche within
which stands, with a harsh and angular physicality and in a sharply characterized posture,
Saint Vitus the martyr accompanied by two dogs, whose presence is explained by the
great popular devotion paid to the thaumaturge saint, especially in the territories with a
prevalent pastoral economy (it is no coincidence that Abruzzo, Molise and Apulia, regions
of transhumance, are still strongholds of his cult). Given that shepherds lived in close
proximity with domestic animals, the saint was invoked against dog rabies and the bite
of poisonous animals. It should also be pointed out that in Colle San Vito, a hamlet very
close to Villagrande, inside the church consecrated to St Vitus is conserved a wooden statue
of the saint attributed to Saturnino Gatti in recent contributions [10,11]. Two Doctors of
the Church, St. Jerome and St. Ambrose, are portrayed in the window gaps behind the
first panel, while above the opening, in the upper intrados, is painted the famous “IHS”
Christogram inscribed in a sun (an invention of St. Bernardine of Siena), very popular
in the Abruzzo Apennines due to the enormous veneration that the Franciscan preacher
enjoyed at an early age in L’Aquila. Also note the detail that develops from the base of the
left side niche: at this point, there was a trompe-l’oeil-painted carpet unrolled downwards,
of which unfortunately only the yellow-coloured base and some faint preparatory traces
of the arabesque weave design remain visible. Its presence recalls a customary tradition
of Renaissance painting, especially in the Adriatic area, between Venice and the Marches
(oriental carpets were imported in the country via the ports on the Adriatic Sea).

On the right-hand side, the cycle is concluded by another mock niche containing the
figure of Fra Pietro dell’Aquila, a Franciscan theologian and philosopher native to Tornimparte,
better known by the Latin pseudonym “Scotellus” (it. Scotello). This inclusion may have
different explanations: the affection of the inhabitants towards their illustrious fellow citizen,
to whom the Community—the commissioner of the works—wanted to pay visible homage. In
another hypothetical scenario, Scotello’s commentaries on the Holy Scriptures were, probably,
the source of inspiration for the cycle, or guided the selection of the peculiar episodes of the
Passion of Christ that formed the basis of the iconographic programme. A third hypothesis,
finally, leads us to interpret the choice as a precise symbolic intention, the dichotomy between
Faith and Reason, identifying in Saint Vitus the emblem of an irrational credence bordering
superstition, and in Scotello the simulacrum of humanist thought.
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The arch above the high altar is decorated with eight figures of prophets looking out
from false niches that illusionistically open in the surface of the subarch, while on the extrados
of the same triumphal arch we find a large representation of the Annunciation, surrounded by
urban scenery that can be interpreted as a view of L’Aquila, in which the primordial Basilica
of San Bernardino da Siena is clearly recognisable: the imposing dome, the highest ever
built in Abruzzo at that time, was in fact completed in 1489 and therefore was emphatically
depicted by Gatti just a few years later [12]. All the paintings are framed by faux perspective
architecture, elements of exceptional artistic value, designed and composed according to
the Renaissance tradition: some of the best-preserved details are the Corinthian capitals,
particularly that corresponding to the access door of the sacristy. In addition, a plinth of mock
mottled marble slabs starting from the floor, above which rise grotesque decorated pillars
surmounted by a continuous entablature, creates the overall effect of a series of openings onto
external landscapes that break through two-dimensional space.

To conclude with a brief stylistic overview of the cycle, it is necessary to premise that
the research has not yet fully shed light on the training of the artist from San Vittorino.
Modern critics believe, almost unanimously, that Gatti, after an initial frequentation of
Silvestro dell’Aquila’s workshop (in 1477, when he was only fourteen years old, he appears
as a witness in the stipulation of a deed with the executors of the will of Cardinal Amico
Agnifili, concerning the allocation of the ecclesiastic’s funerary monument in the Cathedral
of San Massimo), in the following decade the artist stayed in Florence. Indeed, no activity
is documented in the L’Aquila archives until 1488, when he undertook to paint a chapel
in the church of San Domenico. For many reasons, his style appears to be increasingly
linked to the teachings of Andrea del Verrocchio, although in the past, some art historians
suggested recognising the influence of other great Renaissance artists such as Melozzo
da Forlì, Antoniazzo Romano and Pietro Perugino. I totally agree with the opinions of
Ferdinando Bologna [13], Alessandro Angelini [14] and Michele Maccherini [7,15], who
have dedicated some important studies, with very convincing insights, to that season of
“verrocchismo aquilano” developed in the last thirty years of the 15th century, in which the
Florentine extraction of Gatti’s art has been emphasized when comparing certain details of
the Tornimparte frescoes with Verrocchio’s artworks. Saturnino, in the end, can rightly be
defined as the most faithful interpreter of his master in Abruzzo. But this matter should be
faced by scrupulously verifying derivations and affinities between Verrocchio’s and Gatti’s
preparatory drawings, sculptures, and paintings, while also including various other Tuscan
(and non-Tuscan) artists who, in the same period of Gatti’s apprenticeship, received their
artistic rudiments in Verrocchio’s workshop, often perpetuating his expressive solutions,
compositional ideas and executive techniques. Unfortunately, few and incomplete examples
of Verrocchio’s fresco paintings remain (essentially the detached fresco of San Domenico
in Pistoia), which makes it more interesting to understand how much Saturnino’s work
is imbued with the technical notions he learnt alongside his master. For example, the use
of calcium white spread even on partially dry plaster is very notable (Figure 7), and it
is remarkable that it was also found in Luca Signorelli’s frescoes in the Abbey of Monte
Oliveto Maggiore (1497–1498) and at the Chapel of San Brizio in Orvieto’s Cathedral
(1499–1502), practically contemporary with those of Tornimparte.

Among the figures in the cycle more characterized for physiognomic data, postures,
and expressiveness (and therefore most like Verrocchio’s repertoire), angels, the risen Christ
and sleeping soldiers in the Resurrection panel, the dead Christ and pious women in the
Lamentation panel, Jesus and the apostles in the Capture of Christ panel can be identified.
The saints in the vault and prophets in the sub-arch must also originally have shown much
more refined features (see as an example Figure 8), appearing closer than today to the
models of Verrocchio’s school. Investigations have unequivocally shown, for example,
that the extensive repainting of the sky in the Paradise background was carried out with
Prussian Blue, which pertains to a modern restoration [16].
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Figure 7. A comparison between Mary Magdalene in the Lamentation panel (left) and the detached
fresco Madonna with standing Child (L’Aquila, church of Santa Margherita) (right) reveals identical
executive technique in highlights made in “bianco di calce” (calcium white) for the finest details like
the veils, and traces of gold leaf used for the gilding of halos and edges of robes.

 
Figure 8. Prophet Daniel appearing in the sub-arch reveals, through the comparison of pictures
dating back from 1920 to 2020 (from left), the almost total loss of the “a secco” finishes located in the
incarnate, eyes, hair and in the scroll held in the left hand.

Other retouches almost certainly took place at the same time, for which zinc white was
used and therefore cannot be dated before the mid-19th century [17]. Another interesting
aspect that emerges from the surveys is the possibility of recognising and consequently
preserving the finishing touches applied “a secco”: the petrographic and chemical studies have
demonstrated the tendency of Saturnino to apply colour corrections onto the dry plaster [18].

During the restoration phase, the cleaning should be approached with particular care
and caution to remedy the serious errors of evaluation that were repeated in the cleaning
operations executed in the 1950s and 1972 [19], because of which many exquisite details were
removed due to the use of excessively invasive products. All these arguments, however,
deserve further investigation when the planned restoration work is actually launched.

3. Results

The monitoring of the thermo-hygrometric conditions within the site was the very
first step. The activity, organized into two main phases (intensive and continuous mea-
surements), started in February 2021 and ended in April 2022 [20]. The microclimate
characterisation inside the church, the comparison between average monthly indoor and
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outdoor temperatures and the application of the EN 15757 standard [2,3] supply the restor-
ers with information regarding the range of historical variability of relative humidity that
should be respected during the restoration project.

With a view to supporting the work of the restorers, 3D photogrammetry, raking light
documentation and mapping of the degradation phenomena affecting the painted surfaces of
the apsidal conch were performed [21]. This fundamental step supplied relevant information
on the conservation conditions, on the execution techniques and on the materials, but also
helped in the selection of the points for sampling to perform subsequent laboratory analysis.

As far as the state of conservation of the painted surfaces is concerned, the decorated
apsidal conch of St. Panfilo Church shows a significant overlap of damage pathologies
probably attributable to both the executive techniques and the microclimate conditions of
the site for which more detailed information can be found in many of the contributions in
this Special Issue. Calandra et al. [22], by applying the sonic pulse velocity test, hygrometric
tests, and infrared thermography, give some clues about the state of conservation of the
frescoes, i.e., the combined system of plaster and wall support. The complete analysis of
the frescoes’ state of conservation revealed several areas of detachment or degradation
phenomena. Thanks to the use of two analytical techniques (IC and ATR-FTIR) performed
on micro-samples [23], it was possible to characterize the degradation due to salt crystal-
lization. Specifically, efflorescence was mainly caused by newly formed crystals of gypsum
and calcium carbonate, mainly due to the capillary rise from the ground, with the exception
of the samples taken close to the window splays and from the vault, in which infiltration
could be responsible. The bad state of conservation of these paintings could also be due
to previous invasive restorations that affected the surfaces with heavy retouching and
repainting. This is especially observed close to the openings of panel A and panel C, where
modern mortar-based materials have been used, probably leading to the occurrence of
the observed degradation phenomena [18]. After the investigations centred in the char-
acterisation of the degradation phenomena, a diagnostic study was conducted aimed at
the characterization of the executive techniques over the time, with particular attention
being paid to the preparatory drawings, the original materials of the draft fresco and the
occurrence of “a secco” finishes still present, both inorganic (pigments and plasters) and
organic (binders and additives in the plasters or in the dry application to define the details
of the representations).

The RAK photos [21] as well as the images acquired with imaging techniques [17] show
the presence of incision marks (with minor pouncing) and the boundaries of “giornate” and
“pontate”, which clearly suggest the use of the fresco painting technique, although in several
areas the colour spread was “a secco” [19,24,25], especially where colour loss is observed. The
presence of a “morellone” layer under the blue-sky background for the scene depicted on
panel E and under the vault confirms the use of the “a secco” painting technique [16].

The strong synergy between the in situ/non-invasive analyses [16] and the imaging
techniques survey [17,21] performed on the same pictorial areas allowed an analysis of the
quality of the punctual analyses results, demonstrating how a well-designed non-invasive
campaign can drastically reduce the amount of sampling [18,19,24,25] necessary to obtain
complete information on the materials and the artist’s technique.

The palette of Saturnino Gatti comprises pigments, either used in their pure form or in
a mixture, to create different hues that are all compatible with the coeval pictorial technique.
Moreover, the non-invasive approach suggests the use of a gilding technique with a golden
leaf adhered to a red bolus preparation in areas where it is no longer visible to the naked
eye. Moreover, in addition to the original palette, the analytical protocol identified modern
paint materials, such as Prussian blue, zinc white, copper, and chromium-based greens,
used for numerous retouching. These results have been confirmed by petrographic and
chemical analyses performed on microsamples.

The analyses of binders and restoration products revealed a variety of organic materi-
als on the mural paintings, most of which are from past restoration interventions and have
a synthetic origin. The overspread presence of paraffin is likely due to the application of
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a mineral wax-based coating/consolidant. In particular, the execution technique encom-
passed the use of tempera-based paints, while retouched areas are characterised by the
presence of oil-based resins [25].

The multi analytical approach presented in this Special Issue provided useful indi-
cations about both the materials and the executive techniques of the painter Saturnino
Gatti and his collaborators, both to guide the methodological choices during the imminent
planning of the restoration intervention.
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Abstract: As part of the study project of the pictorial cycle, attributed to Saturnino Gatti, in the
church of San Panfilo at Villagrande di Tornimparte (AQ), image analyses were performed in order
to document the general conservation conditions of the surfaces, and to map the different painting
materials to be subsequently examined using spectroscopic techniques. To acquire the images,
radiation sources, ranging from ultraviolet to near infrared, were used; analyses of ultraviolet
fluorescence (UVF), infrared reflectography (IRR), infrared false colors (IRFC), and optical microscopy
in visible light (OM) were carried out on all the panels of the mural painting of the apsidal conch.
The Hypercolorimetric Multispectral Imaging (HMI) technique was also applied in selected areas of
two panels. Due to the accurate calibration system, this technique is able to obtain high-precision
colorimetric and reflectance measurements, which can be repeated for proper surface monitoring.
The integrated analysis of the different wavelengths’ images—in particular, the ones processed in
false colors—made it possible to distinguish the portions affected by retouching or repainting and to
recover the legibility of some figures that showed chromatic alterations of the original pictorial layers.
The IR reflectography, in addition to highlighting the portions that lost materials and were subject to
non-original interventions, emphasized the presence of the underdrawing, which was detected using
the spolvero technique. UVF photography led to a preliminary mapping of the organic and inorganic
materials that exhibited characteristic induced fluorescence, such as a binder in correspondence with
the original azurite painting or the wide use of white zinc in the retouched areas. The collected
data made it possible to form a better iconographic interpretation. Moreover, it also enabled us
to accurately select the areas to be investigated using spectroscopic analyses, both in situ and on
micro-samples, in order to deepen our knowledge of the techniques used by the artist to create the
original painting, and to detect subsequent interventions.

Keywords: UV fluorescence (UVF); IR reflectography (IRR); IR false colors (IRFC); hypercolorimetric
multispectral imaging (HMI)

1. Introduction

This paper contributes to the special issue, “Results of the II National Research project
of AIAr: archaeometric study of the frescoes by Saturnino Gatti and workshop at the
church of San Panfilo in Tornimparte (AQ, Italy)”. This special issue collates the scientific
results of the II National Research Project, which was conducted by members of the Italian
Association of Archaeometry (AIAr). For in-depth details on the aims of the project, see the
introduction of the special issue [1].

The imaging analyses conducted on the wall paintings attributed to the Italian master
Saturnino Gatti in the apse of the Church of San Panfilo (Tornimparte—AQ, Italy) were
executed with two main purposes. First, after visualizing and identifying the areas affected
by surface degradation, we aimed to map the different colored/pigmented areas in order
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to expand upon the amount of information available with regard to the materials used; this
information was obtained using spectroscopic techniques [2–4]. The imaging techniques
also allow us to obtain information concerning the primary technique used on the wall
paintings, which provides art historians and conservators with useful information for
historical reconstructions of the different phases of the artwork [5–8]. Imaging analysis
has the advantage of making information accessible in a simple way, via the rendering of
images and maps, which, through the use of colors, chromatic gradients, and the spatial
distribution of values, allows for an immediate understanding of the data. For this reason,
techniques that use exciting radiation, from near ultraviolet (365 nm) to near infrared
(1000 nm), have been employed, thus enabling images to be acquired in different bands of
the visible and near infrared range (400–1100 nm) [9–11].

Ultraviolet radiation can excite certain pigments and materials used during artistic
production, causing them to emit light in the visible range, based on their specific composi-
tion. This phenomenon of luminescence can reveal important details about the artwork that
may be barely visible, not visible at all, or visible under normal lighting conditions. Indeed,
Ultraviolet Fluorescence (UVF) photography is a very useful documentation technique in
the field of cultural heritage, especially when it occurs before any restoration work has
taken place. This is because it allows us to obtain relevant information concerning the
level of conservation that has taken place on the surfaces of the paintings, and it allows
us to ascertain which materials were used; indeed, it can differentiate between original
and added materials, such as those used during grouting and retouching processes. UVF
photography is also useful for distinguishing between classes of materials that appear
similar in visible light, but different under UV radiation. Moreover, it can also detect traces
of materials that are no longer observable with the naked eye [12–15]. For these reasons,
UVF photography is widely used in the field of restoration, and in general, it is used for
the evaluation of the general state of conservation, with regard to artworks.

Infrared reflectography (IRR), as with UVF photography, is a non-invasive imaging
analytical technique used for analysis. It is widely used in the conservation field and in the
restoration of art objects [16]. This technique, based on the transparency of the different
pigments when placed under infrared radiation, can reveal hidden features underneath
the pictorial layer, such as underdrawings, pentimenti, and changes made by the artist
during the painting process. The information obtained through IRR can be crucial for
restorers, and it can help them make decisions concerning the conservation, restoration,
or treatment of a painting; for example, infrared radiation can show possible material
differences between pigments that visually appear similar, or it can highlight the stratified
use of pigments with different opacities. Infrared reflectography can also provide valuable
insights into the artist’s working methods and creative process, reveal details of the artist’s
primary techniques via the underlying drawings, as well show pentimenti and changes in
the settings of the scenes; indeed, it is possible that this technique can reveal the presence
of previous versions of the painting [13,17].

By combining images acquired using infrared and visible light, it is possible to merge
information deriving from different regions of the electromagnetic spectrum; thus, images
are obtained in false colors which allow us to better discriminate between characteristics
of the painting that would appear less accentuated compared to the response of the IRR
image alone. When applied to wall paintings, infrared false color (IRFC) imaging can
help with the identification of areas affected by damages such as detachments, cracking,
discoloration, or delamination of the surface layers. Similarly to IRR, it can also help to
identify the presence of underlying layers of paint or other materials that may have been
covered by subsequent overpaintings or modifications; it has the advantage of presenting
areas that appear irregular in different colors, rather than in grayscale, such is the case with
reflectography [14,18].

Finally, hypercolorimetric multispectral imaging (HMI) was tested on two areas of the
paintings. This multispectral imaging technique, developed and patented by the Roman
society, Profilocolore, has been widely used to investigate easel paintings, but it has rarely
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been used on wall paintings; for this reason, taking the advantage of Tornimparte research
project, HMI was applied in order to acquire two portions of the wall paintings and to post-
process the obtained images. HMI is a powerful multispectral technique that, due to the
image calibration procedure, allows us to obtain final images with a high level of reflectance
and colorimetric precision [19]. The output after calibration consists of monochromatic im-
ages, to which several available algorithms in the processing software can be applied. These
algorithms relate to the following: reflectance and chromatic comparison and mapping;
normalized differences between monochromatic bands; principal component analysis; and
the production of false color images (both infrared and ultraviolet) by simply combining
the RGB channels with one of the IR bands or the UV bands [20].

Overall, the interpreted results concerning the different imaging techniques provided
synergic information that was useful for verifying and mapping the conservative state of
the painted surfaces, as well as obtaining preliminary information on the materials used.
Such information will be expanded through the application of spectroscopic techniques
performed directly in situ, in particular, X-ray fluorescence (XRF), Fourier Transform In-
frared Spectroscopy (FTIR), Raman Spectroscopy, Fiber Optics Reflectance Spectroscopy in
the UV–Vis–NIR Range (FORS) [21], and in laboratory analyses performed on samples [22].

2. Materials and Methods

Each imaging technique helps document and reveal specific and precious data, thus
leading to an increased understanding of the painting’s layout and history.

Image analyses were performed on 3 of the 5 panels of the lower part of the apse that
still had painted layers (Panel A—the traitorous kiss of Judas and the capture of Christ in the
Garden of Olives, Panel D—Deposition of Christ and Panel E—The Resurrection), as well
as on the vault where the scene of the glory of God is represented. A detailed description
of the painted scenes in the apse of St. Panfilo church is reported in the literature [23,24]
and in a recently published paper [25]. The HMI analyses were instead focused on the
flat areas of panels A and E. For a more extensive discussion of the site and of the project,
refer to Galli et al. [1]. All the images were acquired from the ground with the aid of a
tripod, exploiting different angles to obtain the details of the paintings; the light sources
were positioned from time to time, as needed, supported by stands.

2.1. Diffuse Visible Light Photography (Vis)

Photography in diffuse visible light is always useful and often necessary when carrying
out analyses of images; this allows both the documentation of the actual state of the surfaces
at the time the analyses were executed, and a continuous comparison during the processing
and post-production phases of the images that were acquired using other techniques.
Diffuse visible light photography was conducted with an Olympus camera that had a
16 Mpx sensor and a 40–150 mm lens. Two halogen lamps were used as light sources.

2.2. Ultraviolet Fluorescence Photography (UVF)

For the Ultraviolet Florescence Photography, the images were obtained using a Nikon
D800 digital reflex camera modified in Full Range to let the sensor grow accustomed to the
electromagnetic spectrum from approximately 300 to 1000 nm. In front of the lens, two
filters were applied: the filter A and the UV-IR cut filter, the spectra of which are shown
in Figure 1.
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Figure 1. Spectra of cut filters, A, B, and UV-IR, used in HMI and UVF.
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The UV radiation was obtained using four CR230B-HP 10W LED projectors, at peak
emission at 365 nm, which were mounted at 45◦ in relation to the camera. LED projectors
allowed us to avoid the blue-violet background that is generally obtained when using
traditional UV lamps or tubes. The other advantage to using these LED projectors is that
they are powered by an internal rechargeable battery; especially in the case of large surfaces,
as with the case of the St. Panfilo church, they can be moved easily without the necessity of
paying attention to the power supply cables or any extension cables [26].

2.3. Infrared Reflectography (IRR)

The reflectrographic infrared images were acquired using a Sony H50 digital camera
with a 9 Mpx sensor and integrated optics, with an equivalent focal length of 31–465 mm.
The camera was equipped with a switch that allowed us to manually remove the UV-IR
cut filter placed in front of the sensor to obtain a full range in terms of sensitivity, without
having to disassemble the camera. To record infrared images, an 850 nm high-pass filter
was placed on the lens to limit the sensitivity range of the sensor between 850 and 1100 nm.
The infrared radiation was produced by two 1000 W halogen lamps positioned at about
45◦ in relation to the surface in order to make the lighting homogeneous and to minimize
reflections [27].

2.4. Infrared False Color (IRFC)

The Infrared False Color images were processed in two different ways: using Hy-
percolorimetric Multispectral Imaging (see Section 2.5) and by combining the visible and
infrared images acquired with the Sony H50 camera.

After manually removing the UV-IR cut filter on the sensor of the Sony H50 camera, it
was possible to acquire two (almost completely identical) pictures, with the same level of
detail, in visible and infrared light. An image processing program was used to perfectly
align the visible and infrared images, using some details inside the images themselves as
references. Then, the channels were recombined so as to obtain the false color output image.
The procedure was structured as follows: starting with the digital image, it was initially
necessary to break it down into the three main channels (red, green, and blue); then, in
order to replace the data contained in the channels, that which was recorded in the infrared
range was inputted into the red channel, the information previously contained in the red
channel was inputted into the green channel, and the information previously contained
in the green channel was inputted into the blue channel. Thus, we moved from an image
composed of red, green, and blue, to one composed of infrared, red, and green, by shifting
the information within the three channels. [28]

2.5. Hypercolorimetric Multispectral Imaging

HMI acquisition was performed only on the flat surfaces, in accordance with a proce-
dure described in previously published papers, and here, it was briefly summarized [29–31].
It used the same Nikon D800 digital reflex camera, modified in Full Range, during the UVF
analyses.

1. The first step involves the acquisition of two images; one was acquired using filter A
and the other using filter B (spectra shown in the Figure 1). The filters were screwed
in front of the camera lens before each shot was taken. The lighting was set up
using NEEWER (Neewer, Shenzhen, China) 750II Flashes Speedlite TTL with an
LCD Display and Wireless Triggers. The flashes were modified by removing their
front plastic lenses, thus allowing emissions in the 300–1000 nm region. To produce
radiometrically and colorimetric calibrated images, white patches and a color-checker
(36 colour samples from the Natural Color System® ©, NCS catalog) were positioned
in the scene around the painting.

2. The second step concerns the calibration of the two acquired images using the pro-
prietary software, SpectraPick® (v1.1, created by Profilocolore, Rome, Italy), that,
at the end of the process, produces seven tiff files representing the multispectral
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monochromatic images centered at 350 nm (UVR), 450 nm, 550 nm, 650 nm, 750 nm
(IR1), 850 nm (IR2), and 960 nm (IR3), as well as the RGB 16-bit color image [32,33].

The third step of the HMI system involves the processing of the calibrated images
using the software, PickViewer® (v1.0, created by Profilocolore), which provides several
tools with which to obtain infrared and ultraviolet false color images, to read pixelwise
colorimetry and spectral reflectance, to create similarity maps according to color or spectral
data, to apply principal component analysis (PCA), and so on. The results can be saved as
an image in tiff, png, or jpeg format.

2.6. Optical Microscopy in Visible Light (OM)

To document the restricted areas to be analyzed using portable spectroscopic tech-
niques, a digital microscope with a 5 Mpx CCD sensor was also used in visible light. Using
the microscope software calibration tool in conjunction with the reference target, it was
possible to define a metric reference for each magnification level.

3. Results and Discussion

3.1. Material Mapping, Retouching, and Remaking

The UV fluorescence photography led to a preliminary mapping of the surfaces, which
differentiated between the use of organic and inorganic materials; these presented with a
characteristic fluorescence. First, it was possible to identify the presence of a significant
quantity of zinc white, a pigment in use since the late eighteenth century, and therefore,
associated with areas affected by pictorial retouching [33]. Indeed, the presence of zinc (Zn)
was also detected by X-Ray fluorescence (XRF) in the punctual analyses of the restored
areas [2]. Zinc white pigment is clearly visible due to its lemon-yellow fluorescence in
the lower part of panel A, representing the betrayal of Judas. It is also visible under the
window, which appears as a bright blue color in the image due to a paper which served
to shield the apse from the outdoor sunlight (Figure 2) [34]. In the upper part of the same
panel, especially in the background, a light yellow fluorescence is visible; this could be
associated with the azurite binder, a pigment which has been recognized in the blue areas
via spectroscopic analyses with XRF due to the clear presence of copper (Cu) [2]. This same
fluorescence can also be observed in panel 4, the last from the left side of the apse conch,
where the resurrection of Christ is represented (see Figure 3A). Areas that appear white in
visible light show a faint light blue fluorescence (Figure 3B); this may be associated with
calcium carbonate white, contrary to the hypothesis of the art historians that assumed that
it was the use of lead white, used in the highlights of the paintings.

A detail was acquired in panel 4 wherein some fluorescent lines were observed in
the general view of the wall (Figure 3A). The image in Figure 3B shows how the rays that
emanate from the angels are characterized by a yellow-orange fluorescence which could
be due to the presence of organic material. In accordance with art historians, the presence
of possible original gilding work was hypothesized, and therefore, the organic substance
whose fluorescence is observed could be referred to as the so-called missione, which was
used to make the adhesive for the gold. Optical microscopy revealed the presence of
golden traces in the rays (Figure 3C); indeed, the X Ray Fluorescence analyses, performed
after the first round of image analyses, confirmed the theory that gilding had taken place.
In fact, XRF spectroscopy detected the presence of gold (Au) as a chemical element that
characterized those same areas [2]. The glue used for gilding was generally made of
siccative oil and terpene resin; therefore, the yellow fluorescence may be associated with
the lipidic component of the missione [35–37].
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Figure 2. The UVF image of panel A, Garden of Olives.

Infrared Reflectography, together with the Infrared False Colors, allowed us to dis-
tinguish between the portions of the painting that were affected by pictorial restorations.
Pigments appearing similar in visible light may exhibit a different response to infrared
radiation, which is rendered at a different level of brightness in reflectographic images;
this difference results in a different color response in the false color infrared images. An
example is shown in panel A, in Figure 4B, in which the restoration areas in the green land
are identifiable as spots with lighter levels of gray, compared with the surrounding areas.
This restoration intervention is also confirmed in false color images (Figure 4C), in which
the same spots exhibit a pinkish color that may be attributable to the original materials,
unlike those exhibiting a green color.

Once again, via the false color images, it was possible to recognize small portions
of paintings in which different materials were used. Compared with most areas, which
appeared chromatically similar to the naked eye, as in the case of the blue near the Virgin’s
head in the scene of the deposition (Figure 5C), a single fragment shows a pink-red response
in the false color image. These results are also relevant because they guided the decision
concerning which points should be investigated using spectroscopic techniques [2].
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Figure 3. The UVF image of panel E, the Resurrection: (A) general view; the white rectangle indicates
the detail shown in (B). (C) Detail of the golden traces found via OM in the rays.
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Figure 4. Detail of Panel A, Garden of Olives (A) in visible light, (B) IRR, and (C) IRFC.
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Figure 5. Detail of panel D, Deposition of Christ (A) in visible light, (B) IRR, and (C) IRFC.

3.2. Underdrawing

IR reflectography, in addition to allowing the mapping of the surface portions affected
by material losses and highlighting the presence of restoration material, has increased the
amount of information relating to artistic techniques; in particular, it proffers insight into
the methods used by the artist to draw the different figures represented in the pictorial
cycle [38]. Along the perimeters of the various characters, dots precisely defining the
contours and the main constructive features are visible; it is known that reflectography
allows us to identify underlying drawings made with materials that are opaque when
examined with infrared radiation, and they are generally carbon-based [39]. The presence
of the dots may therefore be due to the transfer of the drawing from cartoons or sheets
via the “spolvero” (punching) technique. This last technique involves the creation of a
full-sized drawing on a preparatory cartoon; then, the contours of the different figures are
subsequently perforated with a needle or another small tip. Next, the perforated cardboard
is placed on the wall’s surface, and the perforated parts are dabbed with a canvas bag
filled with ash, charcoal, or other fine dust that may leave a trace on the wall [40]. A
clear example of such dusting is visible in image 5B, in which the series of dark dots are
clearly defined near the forearm and the folds of the dress of the woman identified as
Mary Magdalene [24], who supports the head of the dead Christ. Similarly, the signs of the
transfer are visible on her cloak. Evidence of the same type of drawing method has been
found in the other panels of the apse; this acts as evidence of a methodological unity in
the realization of the entire pictorial cycle, and in support of the attribution of the artwork
itself. Once again, when carefully comparing Figure 5A (visible image) with Figure 5B
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(reflectography), it can be seen that in some parts, such as along the shoulders, a brown
pigment was used to enhance the detail of the contours, thus preventing the possibility of
detecting the underlying drawing via the IRR technique.

3.3. HMI Results

To test the potential of HMI techniques, the acquired images were focused on two
detailed areas of the panels A and E, as they were the only panels with flat surfaces.

The software PickViewer®, included in the HMI system, allowed us to obtain the
infrared false color (IRFC) output by simply combining the RGB channels with one of the
three IR channels. An example is shown in Figure 6. The retouched lacunae exhibit a pink
fluorescence that better distinguishes them from the original parts. The blue dress has a
dark blue response in IRFC, thus suggesting the possible presence of azurite (hypothesis
confirmed via punctual analyses) [2]. In this same area, other processes were performed
using the PickViewer® tools. The chromatic similarity algorithm was applied on the blue
dress, as shown in Figure 7). This tool compares the values of the chromatic coordinates of
the selected point (on the RGB image) with all pixels in the image, and it produces a B/W
image where the white pixels have the same chromatic values as the chosen point, and the
black pixels are completely different in terms of color data.

 
Figure 6. The graphic user interface (GUI) of the PickViewer®, shown on the left of the RGB image,
and on the right, the IRFC result is shown. Detail of panel A.

In Figure 7, the black areas of the dress identify the lacunae of the painting layer or
the highlights used to outline the drapery of the dress.

In the chosen area of panel A, further processes were performed, in particular, principal
component analysis (PCA) was applied using the three infrared bands (IR1, IR2, and IR3).
The result is shown in Figure 8, wherein the first PC highlights the drawing in the feet, in
the hand, and above the sword hilt and blade (Figure 8).
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Figure 7. The GUI of the PickViewer® shows the RGB image on the left, with the selected point
(white dot) for the application of the chromatic similarity tool, and on the right, the result is shown.
Detail of panel A.

 
Figure 8. The GUI of the PickViewer® shows the RGB image on the left, and the PC1 obtained by
applying the PCA to the three IR bands is shown on the right. Detail of panel A.

The chromatic similarity tool was also applied to a green point in panel E (Figure 9).
This green, in the leg of the character that is lying down, seems to be the result of a retouch.
The result of the application of the tool shows that the green retouches are located in the
legs, but also in the upper part of the selected area, thus corresponding with the back-
ground. The chromatic similarity tool was also applied to a green area that seems to be the
original (Figure 10).
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Figure 9. The GUI of the PickViewer® shows the RGB image with the selected point (white dot on
the leg of the character that is lying down, probably non-original panting) for the application of the
chromatic similarity tool on the left, and the result is shown on the right. Detail of panel E.

 
Figure 10. The GUI of the PickViewer® shows the RGB image with the selected point (white dot in
the upper part of the green area, probably original) for the application of the chromatic similarity tool
on the left, and the result is shown on the right. Detail of panel E.

The result of the tool’s application highlights that the green in the upper part of the
selected area, which corresponds with the top of the sepulcher, has a chromatic similarity
with that of the legs of the lying gendarme and a small area of land on the left side, but not
with the green areas that are presumed to be non-original (mapped in the Figure 9).
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4. Conclusions

The data acquired in this phase of the Tornimparte project led to various results in
terms of awareness, regarding the data available to progress the activities, the transition
to the next steps of the investigation, and the materials and techniques used to create the
wall paintings by Saturnino Gatti. First, the mapping of different pictorial materials made
it possible to proceed, with greater awareness, with the decision concerning which points
should be used for non-invasive spectroscopic analyses that can characterize the materials
of the wall painting at the atomic and molecular level. Even the choice of micro-sampling
the painting layers, which were used in the laboratory analysis, was guided by the acquired
multispectral images. This approach made it possible to distinguish between the areas
wherein the materials could be attributable to the original choices of the artist, and those
that were subject to overpainting or restoration interventions. The use of a multispectral
approach, with radiation ranging from ultraviolet to near infrared, highlighted the presence
of specific materials, such as zinc white, and the recognition of several different materials
in areas that appeared chromatically homogeneous.

The imaging techniques also allowed us to confirm some hypotheses concerning
the executive techniques of Saturnino Gatti; the gilding, for example, was confirmed in
several areas wherein the presence of visible fluorescence induced by UV radiation can be
associated with the organic material used to glue the gold leaf. Small traces of the same
gold leaf have been detected via digital optical microscopy at different points, such as in
the rays in the risen Christ or in the halos of the saints.

In addition to the information regarding the materials of the artwork, it was also
possible to provide a precise mapping of the level of conservation that had been conducted
on the surfaces; it was possible to identify the presence of restoration materials, as well as
the various degradation phenomena that were taking place.

Finally, as well as answering the initial research questions, it was also possible to
provide information on the primary technique used to create the wall paintings; in par-
ticular, the method to transpose the drawings of the various figures to the wall. Indeed,
the presence of the “spolvero” (punching) technique was unknown at the beginning of the
investigation, and it provided important information on how the iconographic and scenic
system was executed; in this case, a transfer technique based on the use of paper and/or
cardboard was used.
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Abstract: This paper provides the results of a 3D photogrammetric survey of the apsidal conch of
St. Panfilo Church in Tornimparte (L’Aquila, Italy). The images were acquired and then processed
in order to obtain a three-dimensional model available on Sketchfab platform. The five panels and
the vault of the apsidal conch were exported from the 3D model as orthomosaics and then imported
into CAD software for the mapping of the main degradation phenomena. The examined surface
was almost entirely covered by mural painting and restoring mortars, the latter mainly located in
the lower part of the apsidal conch. The whole surface of the apsidal conch was also examined
by means of raking light that enabled highlighting of conservation problems and the presence of
incision marks and giornata/pontate boundaries indicating the use of the fresco painting technique.
Several degradation phenomena, attributable both to the executive technique of wall painting and the
microclimate conditions, could be observed. According to the overlapping of weathering forms and
the material involved, most of the examined surfaces exhibited moderate to very severe degradation.

Keywords: 3D documentation; digital photogrammetry; damage analysis and mapping; mural
painting techniques; raking light; Saturnino Gatti; St. Panfilo Church; Tornimparte; decay; restora-
tion; geomaterials

1. Introduction

The work presented in this paper may be considered one of the first steps within
the archaeometric project developed by the Italian Association of Archaeometry (AIAr)
in the Church of St. Panfilo in Tornimparte (L’Aquila, Italy) aimed at studying the apse
wall paintings attributed to the Italian master Saturnino Gatti that were produced in his
workshop in a period between 1491 and 1494 [1,2]. The idea of the project was to study
the conservation status, the original and superimposed materials and the degradation phe-
nomena affecting the wall paintings with the aim of supporting the imminent restoration
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intervention. The project started in 2021 and followed a suitable approach starting from
in situ documentation and investigation using different techniques that supplied relevant
information on the conservation conditions, on the execution techniques and on the ma-
terials, but also helped in the selection of the points for sampling to perform subsequent
laboratory analysis. Documentation of this National Monument is, in fact, the first and
fundamental step required to correctly perform the restoration [3–9].

With a view to supporting the work of the restorers, 3D photogrammetry, raking light
documentation and mapping of the degradation phenomena affecting the painted surfaces
of the apsidal conch were performed.

The standard UNI EN 16095 [10] states the importance of collecting any information
concerning the state of conservation of a monument. A two-dimensional system based on
the acquisition of photographs, maps and textural notes represents a common approach for
the recording of sampling points, alteration phenomena and the retouching of artworks and
architectural elements [11]. On the other hand, further advantages can be provided using
three-dimensional models [12–14], permitting, for example, the observation of all information
in a single file in which the 3D model can be easily rotated and explored. The method of 3D
photogrammetry can be a valid and useful approach to obtain a 3D model that can be used as
a working basis for inserting points of analysis, cleaning test areas, undertaking restoration
interventions, mapping any previous interventions and, finally, viewing the paintings on
platforms for sharing three-dimensional models, such as Sketchfab.

Part of the technical photography documentation can be obtained by means of rak-
ing light photography (RAK). This method allows the examination of monuments and
archaeological materials, including, in particular, the observation of surface features (e.g.,
retouchings, lacunae, etc.), including those reflecting the painting technique, such as brush
works, incision marks, as well as any other signs associated with the application of plaster
and pigments [15].

The damage mapping of wall paintings is a fundamental and preliminary step in each
restoration project [16]. This step, in fact, supports proper planning of correct interventions
and enables evaluation of the time and cost of the entire restoration work [17]. Moreover,
mapping of the damage and degradation forms can help in determining the possible
causes of the damage itself [17,18]. A well-established quantitative damage diagnosis
procedure, consisting of the mapping of the materials forming the monuments, as well
as the weathering forms affecting their surface, is described by the “Natural stones and
weathering” research group of the Aachen University of Technology (Germany), which has
been used and/or adapted in several case studies [19–25].

In the present investigation, the degradation phenomena of Early Renaissance wall
paintings by Saturnino Gatti were documented for the first time by means of a digital and
multianalytical approach, the results of which can be easily represented or observed both
by two-dimensional and three-dimensional models, as well as at different scales and levels
of detail.

Since the assessments were performed at different times due to measures being taken
to respond to the COVID-19 pandemic, the results of the 3D photogrammetry, RAK docu-
mentation and mapping of the degradation phenomena of the wall paintings in St. Panfilo
Church are presented separately here and then discussed jointly at the end of the paper in
order to support art historians and restorers to correctly plan the next intervention.

This paper contributes to the Special Issue “Results of the II National Research Project
of AIAr: archaeometric study of the frescoes by Saturnino Gatti and workshop at the church
of San Panfilo in Tornimparte (AQ, Italy)” in which the scientific results of the II National
Research Project conducted by members of the Italian Association of Archaeometry (AIAr)
are discussed and collected.

For in-depth details on the aims of the project, see the introduction to the Special
Issue [26].
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Brief Description of the Wall Paintings

The wall paintings, the objects of this study, were produced by Saturnino Gatti and
his workshop in a period between 1491 and 1494 [1,2] in the apsidal conch of St. Panfilo
Church. The wall paintings in the lower part consist of five panels (labeled from A to E)
displaying some moments of the Passion of Jesus, whereas on the vault are depicted God
the Father along with the Angels and Blesseds in Paradise (Figures 1 and 2).

 

Figure 1. Four views of the apsidal conch from the 3D rendering model.

The first scene on the left depicts the traitorous kiss of Judas and the capture of Christ
(Panel A). In this scene, Judas, at the head of armed men, equipped with torches and
lanterns, arrives in the Garden of Olives and greets Jesus with a traitorous kiss. As soon as
Jesus is arrested, there is a reaction of dismay and at the same time defence on the part of
the disciples: Peter, holding a sword and grabbing a servant of the high priest by the hair, is
about to strike him and cut off his right ear; Jesus, with impressive calm, is moving towards
Peter to stop him from his violent gesture but is stopped and arrested by the temple guards.
Proceeding clockwise, we find the scene of the crowning with thorns where the soldiers,
after having scourged Jesus, lead him to the palace of the governor Pilate, strip him of his
clothes, put a red robe on him and a crown of thorny branches on his head, pressing it with
sticks, outraging and mocking him as “King of the Jews” (Panel B). In the center of the
apsidal circle, the fragmentary remains of the Crucifixion’s scene are visible, which must
have been missing for a long time, so much so that a window was opened on that wall
and enlarged in 1922 (Panel C) ([2], p. 48). Continuing around the apse it is possible to
observe the Deposition (Panel D): Christ, taken down from the cross, is on the knees of the
Mother at whose side Mary Magdalene can be seen. The scene is observed on the right
by the apostle John, and on the left by Giuseppe D’Arimatea who holds the nails of the
Crucifixion in his hand. In the background, on the left, a slave of Giuseppe D’Arimatea can
be seen holding a hammer and pincers used to detach Jesus from the cross; in the center
three angels are depicted in front of the sepulchre ready to welcome the body of Christ.
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Figure 2. Orthomosaics of the apsidal conch: (a) panels A and B depicting the Taking and the Flagellation
of Christ, respectively; (b) panels D and E depicting the Deposition and the Resurrection of Christ,
respectively; (c) panel C originally depicting the Crucifixion; (d,e) cylindrical and planar projections of
the vault (not to scale) depicting God the Father along with the Angels and Blessed in Paradise.

The last panel on the right side depicts the scene of the Resurrection of Christ (Panel
E). In this scene, the women amazed by the empty tomb listen with amazement to the
words of the angel who, sitting on the tomb with a raised forefinger, tells them that Christ
is risen. One of the three guards put in charge of the sepulchre is amazed at the noise of the
earthquake and at the sight of the Lord’s angel, while the other two have fainted from fear.
The Risen Christ, holding the banner of his triumph over death in his hand, elevated on a
cloud as if supported by celestial spirits, is contemplated and adored by two angels in his
resplendent glory.

The vault of the apse covers the scene of the glory of God. The Eternal Father is
surrounded by angels and cherubs. On the right, the Madonna is surrounded by Holy
Virgins, on the left Jesus is among the Apostles. In the background, there is Santa Cecilia
among cheering angels holding musical instruments.

Just after the Resurrection, there is a niche that welcomes, under a shell, Fra Pietro
dell’Aquila, a Franciscan friar known as Scotellus [1]. On the opposite side, mirroring the friar,
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St. Vito is represented with two dogs. In the splay of a small window, two extraordinary
half figures of St. Jerome and St. Ambrose are painted.

Finally, between the last two scenes, namely that of the deposition and that of the
resurrection, the artist has created an expedient to insert a real door in an architecture of
pure fiction. Above, we observe a frame which, like a window, allows the landscape to
flow from one scene to another without interruption. The small door is surmounted by a
triangular tympanum with the coat of arms and surrounded by frames.

2. Experimental Section

2.1. 3D Photogrammetry

The 3D model of the apsidal conch of St. Panfilo church was obtained by applying
a photogrammetric approach that required the preliminary acquisition of the necessary
frames, totaling 156. To do this, a Nikon D5300 digital SLR camera (Tokyo, Japan), equipped
with a 17/35 mm multifocal lens, was used. To obtain the photos, the camera was mounted
on a tripod and the exposure parameters were set from time to time to ensure the correct
exposure with every shot. For each frame acquisition, two white LED lamps (E27 85W CFL
bulb lamps, 5500 K daylight colour) were positioned on both sides of the camera, at about
45◦ to the subject.

After the acquisition phase, performed on-site in the church, the 156 photographs
were processed by the software Agisoft Metashape® (Saint Petersburg, Russia) that can
photogrammetrically process digital images, aerial and close-range photographs to obtain
3D models with the advantage of generating photorealistic surfaces.

The used software is based on the Structure from Motion (SfM) approach that, thanks
to the high degree of overlapping of the acquired photos, can cover the complete geometry
of the object to be rendered. This characteristic of the approach gives it the name SfM, i.e.,
“structure derived from a motion sensor” [27].

The working flow, widely explained elsewhere [28], enables generation of a dense
points cloud that is used to generate a polygonal model (mesh), which can be texturized to
return a photorealistic 3D digital model.

For the 3D model sizing of the presbytery of San Panfilo church, 10 targets were
positioned on the walls, whose coordinates (x, y, z; relative to a local geographical reference
system) were measured with a Total Station model Topcon GPT 7005 with angular accuracy
5”. This system guarantees a sizing of the model achieving sub-centimeter precision. The
captured frames were saved in .jpg format with 24 MP resolution, 24-bit sRGB depth; each
frame size was about 6 MB. The images were processed on a workstation with the following
specifications: Intel(R) Core processor (TM) i7-4770 CPU @ 3.40 GHz; Ram 32 GB; 64-bit
system, Windows 10®; GeForce GTX 970 4Gb video card.2.2., equipped with constructing
bits RGB.

2.2. Raking Light Photography

RAK photography is a useful and simple technique for examining works of art; it
allows us to detect and document surface features, especially when we are looking for
details that are not visible to the naked eye and are viewed in straight light (Figure 3). For
paintings, RAK photography is used to obtain information about their state of conservation
and use of preparatory techniques, to document, for instance, colour retouching and loss, as
well as incisions, and to study the painting technique, as this can make clear the brushwork
and layering of the paints [15]. Closer examination also reveals the junctions between
giornate, i.e., the Italian term used to describe the amount of fresco painting that has been
performed in a single day, and pontate (ponte, Italian for scaffolding), in which the plaster is
laid in horizontal bands.

Usually, the paintings are studied through photographs taken under diffused light
conditions to avoid any reflection on the surface and to create the best lighting conditions
under which the composition and colours can be better observed.
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Figure 3. Detail of panel E. (A) image obtained in straight light; (B) image obtained in raking light. All
the details of the picture are emphasized in (B) where it is possible to observe the giornata boundary,
incisions, detachment, retouching and crack.

In the RAK technique, the paintings are enlightened in the visible band (400–780 nm)
from one side only, at an oblique angle to the surface; in this way, the painted surface
textures facing toward the light source are accentuated by the illumination, while those on
the opposite side form shadows [15].

In this work, the raking light images were obtained through a Nikon D7000 camera,
illuminating the painted surface through a LED halogen light (500W MX 500 EV) at different
angles depending on the specific requirements. The entire surface of the apsidal conch
was examined and photographed. The details of the painting observed through the RAK
technique were described according to the literature [29].

2.3. Damage Diagnosis

The five panels (labelled from A to E) and the vault of the apsidal conch were exported
as orthomosaics from the 3D model and then imported into CAD software for semi-
quantitative damage diagnosis based on a monument mapping procedure of materials,
weathering forms and damage categories. The weathering forms and the six damage
categories were described according to the literature [19–21,29,30]. The linear damage
index (DIlin) and the progressive damage index (DIprog) were estimated as follows:

DIlin = [b + (c × 2) + (d × 3) + (e × 4) + (f × 5)]/100 (1)

DIprog = {[b + (c × 4) + (d × 9) + (e × 16) + (f × 25)]/100)}0.5 (2)

where b–f are the percentage areas of categories 1, 2, 3, 4 and 5, respectively. DIprog and
DIlin range from 0 to 5 and represent, respectively, a rating of the higher damage categories
and an average of them.

3. Results

3.1. 3D Photogrammetry

The very-high-resolution photorealistic rendering of the 3D spatial data generated by
means of the Agisoft Metashape® software (professional education version 1.7 for universi-
ties) product directed our methodological choice, supporting a photogrammetric approach
instead of use of a range-based system (e.g., TOF laser scanner). The two systems guarantee
a comparable metrological precision of the measured 3D spatial data, but Metashape® has
the further advantage in its workflow of creating a model rendered with a photographic
resolution not achievable with the laser scanner. Furthermore, a non-secondary aspect
is that the photogrammetric process requires low-cost investment when compared with
range-based technologies.
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This photogrammetric survey made it possible to obtain a three-dimensional, navi-
gable and explorable model, which could also be viewed interactively in pdf format files
(Figure S1).

Furthermore, the model has been uploaded to the Sketchfab platform in a non-public
form, but can be made publicly visible, as carried out for other 3D models created by the
University of Tuscia group [28,31]. The Sketchfab link is: https://sketchfab.com/models/
88de7bbf64944408ad5fdda1d6eda141.

Moreover, Figure 1 shows additional views of the 3D model. The model can be used
for mapping the state of conservation, the execution techniques, the eventual restoration
areas and for georeferencing the analysis performed in the various part of the painting on
the occasion of the development of the AIAr Tornimparte project.

3.2. Raking Light Photography

RAK photos of panels A, B, D, and E were taken to document the plaster work and
painting technique, the preparatory drawings, and the decay phenomena of the mural
painting surface. No RAK photos are available for panel C (the middle portion of the wall
between panels B and D) where only a few small fragments of the mural painting have
survived. With respect to this panel, the opening of a window, enlarged in 1922, has partly
destroyed the mural painting with the restoration mortar covering a large part of the wall
surface. Similarly, RAK photos relating to the splay window of panel A were not taken due
to poor lighting and the position of the painting.

The paintings on panel A, depicting the Taking of Christ (Figure 4), display a high
degree of deterioration, especially close to the window where rain infiltrated has caused
localised detachments in the plaster. On the left of panel A there is a niche in which St.
Vito is represented. Here, the RAK photos revealed some areas displaying colour loss and
retouching (Figure 5A).

In panel A, the raking light highlighted the presence of graffiti (Figure 5B); examples
of giornate and pontate boundaries are visible in Figure 5C, while colour losses and incisions
can be observed in Figure 5B,D. Interestingly, in panel A, the raking light revealed the
presence of a sort of landscape (Figure 6) depicting a monumental door and some religious
buildings. The meaning and the origin of this detail remain unknown; we could assume a
derivation from existing churches. Nevertheless, it was obviously covered by the blue sky
in the background and can be classified as an example of rethinking.

Panel B (Flagellation of Christ) shows the worst state of conservation. In the original
part of the painting numerous small cracks and thick brushstrokes of paint are visible
as well as several incisions outlining details and figures (Figure 5E,F). The boundaries of
giornate and the horizontal joins of pontate can be observed in Figure 5F.

Panels D and E (Deposition and Resurrection of Christ, respectively; Figure 4) are better
preserved. The RAK photographs revealed some evident rethinking, such as the shape of
the mountain in panel D (Figure 7A). In addition, giornate boundaries (e.g., Figure 7A,B)
and several areas affected by colour loss, detachment and retouching (Figure 7C,D) were
observed in panel D. The last panel on the right (panel E) showed spatula signs in the frame
over the door (Figure 7D) and a layer of morellone below the blue sky (Figure 7E), as well
as giornate boundaries (Figure 7E,F); retouching, colour loss and rethinking, such as the
position of the tree branches (Figure 7F), were highlighted by the raking light.

Finally, to the right of panel E, another niche hosts the painting of the Franciscan friar Fra
Pietro dell’Aquila. The painting shows numerous small cracks, loss of material and retouching.

The acquired pictures revealed that the plaster was laid inside the chapel walls by
giornate and pontate, suggesting the use of fresco technique, with areas painted a secco (de-
tails about petrographic features and the microstratigraphy of the mortar-based materials
are reported in [32]). Furthermore, the presence of a morellone layer under the blue sky
background indicates the possible application of azurite with an organic binder. Finally,
according to Cosentino et al. [15], the widespread presence of thick brushstokes in many
scenes of the painting suggests the addition of a binder to the pigments.
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Figure 4. Orthomosaics of panels A,B (up) and panels D,E (down) report the boundaries of giornate
and pontate; the details of the squared areas are shown in Figures 5 and 7, respectively.

In panels A, D and E, the giornate boundaries generally delimit the landscape scene
and the characters in the foreground; this may indicate the artist’s tendency to separate the
work of the landscape from the more detailed work of the figures. In contrast, in panel B
the giornate boundaries are barely visible; this is probably due to the numerous retouchings
of the painting layer.

The contour lines, often following the outline of the characters, suggest that they were
made by the pressure of a pointed tool. The presence of several incisions in areas showing
a total loss of colour may help to reconstruct the original drawing; these areas seem to
indicate that the colour spread was a secco, generally considered the less durable technique
over time.

Examination of the RAK photos revealed the presence of several damage effects.
Significant fractures and degradation forms are evident on the entire painted surface;
however, the decay forms display a more pronounced level in the different panels (panels
A and B are in worse condition than the D and E panels) possibly imputable to the different
environmental exposure, the position of the walls, and the presence of a window in
panel A [33]. In addition, several signs of anthropic damage, especially in the form of
surface scratches, are visible in the lower part of the paintings. The poor conditions of
conservation necessitated restoration work and several dry retouchings over the centuries,
which eventually hid some of the giornata boundaries, making their identification difficult
in some cases.
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Figure 5. Raking light photos obtained on the niche (left of panel A) and panels A and B showing
retouchment (A), incisions (A,D–F), loss of colours (A–D), graffiti (B), thick brushstrokes of paint and
a network of small cracks (E).
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Figure 6. (A) Image of panel A; (B) Enlarged image of the squared area reported in A; (C) Raking
light photo of the B area.

 

Figure 7. Raking light photos obtained on the panels D and E showing giornate and pontate boundaries
(A,B,E,F), rethinking (A,F), network of small cracks (C), spatula signs (D), colour loss (F). In (E) is
also visible a layer of morellone under the blue sky.
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3.3. Mapping of Degradation Phenomena

The lower part of the apsidal conch consists of five panels depicting scenes from the
New Testament (Figure 2). Nevertheless, only panels A, D and E show original paintings
with well recognizable scenes. Conversely, the flagellation of Christ depicted on the panel
C is not recognizable because of the creation of a new painting during the XVII century [1].
Lastly, the original painting of panel C, which was originally supposed to depict the
Crucifixion, has completely disappeared due to extensive restoration works.

According to the geomaterial distribution map (Figure 8), most of the examined surface
(ca. 87%) is covered by mural painting whereas the remaining part shows openings (2%)
and restoration mortar (11%). The latter is mainly observable in the lower part of the
apsidal conch, particularly in panel C.

 
Figure 8. Distribution of geomaterials for the five panels and the vault of the apsidal conch of St.
Panfilo Church in Tornimparte (AQ, Italy). Coloured dots indicate the position of the acquired
pictures in the wall paintings.

Among the main weathering forms (Figures S2 and 9), individual fissures and intense
networks of minor cracks (craquele), mainly extending on the decorated surfaces, can be
observed. This kind of fissuring often evolves from minor detachments affecting the
pictorial layers (Figure S2).

Frequent missing parts of variable extension, from a few millimeters (micro-lacuna) to
several centimeters (lacuna), are also noticed (Figure S2). The depth of these missing parts
can interrupt the pictorial layer preserving (partially) the chromatic features of the mural
painting or can reach the underlying plaster exposing the pouncing and incision marks.
In the lower portion of the panels, it is possible to observe frequent graffiti (scratching)
(Figure S2).
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The chromatic alteration of the wall paintings is generally due to the concomitance of
discoloration phenomena (bleaching), moisture trapping and surface deposits (Figure S2),
as well as colour changes that are probably due to the transformation of azurite in malachite
(Figure S2) [32,34]. In the map of the weathering forms (Figure 9), the whole painted surface
is considered as a precaution.

 
Figure 9. Distribution of the weathering forms affecting the five panels and the vault of the apsidal
conch of St. Panfilo Church in Tornimparte (AQ, Italy). Coloured dots indicate the position of the
acquired pictures in the wall paintings.

The walls of the apsidal conch show a very irregular morphology (surface warping),
alternating concave and convex profiles (Figure S2). The deformation of these surfaces
can be attributed both to the preparation of the plaster and to sub-efflorescence and/or
rising damp, responsible for localized blistering. Sub-efflorescence and efflorescence, with
consequent detachment and disintegration, can also be observed on the restoration mortars
near the windows of panels A and C (Figure S2) and along the lower part of the apsidal
conch. There the pictorial film applied as chromatic integration shows frequent peeling.

Figure 10 proposes a preliminary mapping of the damage categories identified taking
into account the type of material (painted surface or restoration mortar) and the overlapping
of the main weathering forms, giving more importance to those that are associated with loss
and/or destabilization of material (cracks and deformations, detachments, lacuna, etc.). The
damage index estimated for the whole examined surface is close to 3.2, while it assumes the
highest values in panels A and B (DIlin 3.6; DIprog 3.7) and lower values in the vault (DIlin 2.9;
DIprog 3.0). There are no particular differences between the linear and progressive indexes.

42



Appl. Sci. 2023, 13, 5689

 

Figure 10. Distribution of the damage categories for the five panels and the vault of the apsidal conch
of St. Panfilo Church at Tornimparte (AQ, Italy).

4. Discussion and Conclusions

Documentation of a monument is a fundamental step to correctly plan and perform
any restoration interventions. For this reason, the 3D photogrammetry of the apsidal conch
of St. Panfilo Church in Tornimparte (AQ, Italy) represented the first and essential survey
to perform and made it possible to export a three-dimensional, navigable and explorable
model, using an interactive file in pdf format available in this paper as supplementary
material (Figure S1).

The same model is also visible on Sketchfab platform using the link https://sketchfab.
com/models/88de7bbf64944408ad5fdda1d6eda141.

As a result of the 3D photogrammetric survey, it was possible to export 2D images (i.e.,
orthomosaics) and to import them into CAD software for diagnosis of damage to the five
panels and the vault of the apsidal conch, providing maps of the distribution of materials,
weathering forms and damage categories.

As far as the state of conservation of the painted surfaces is concerned, the decorated
apsidal conch of St. Panfilo Church shows a significant overlap of damage pathologies
probably attributable to both the executive techniques and the microclimate conditions of
the site for which more detailed information can be found in the other contributions of
this Special Issue [32,33,35,36]. In fact, the occurrence of “a secco” painting areas, generally
considered a less durable executive technique over time, could be responsible for most
of the detachments affecting the pictorial layer. The microclimate conditions (i.e., high
relative humidity) could facilitate the rising damp and surface deposition of efflorescence
or sub-efflorescence with localized blistering, detachment and disintegration phenomena.

43



Appl. Sci. 2023, 13, 5689

The bad state of conservation of these paintings could also be due to previous invasive
restorations that affected the surfaces with heavy retouching and repainting. It is especially
observed close to the openings of panel A and panel C where modern mortar-based
materials have been used, probably leading to the occurrence of the observed degradation
phenomena [37–39].

The RAK photos of the examined panels were taken to document not only the decay
phenomena of the mural painting surface but the painting technique and the preparatory
drawings too. As a whole, the presence of incision marks (with minor pouncing), and the
boundaries of giornate and pontate, clearly suggest the use of the fresco painting technique,
although in several areas the color spread was a secco, especially where colour loss is
observed. This fact is also suggested by the presence of a morellone layer under the blue sky
background for the scene depicted on the panel E. Morellone was typically used in the secco
painting technique. In this case, the blue pigment azurite (along with organic binder) was
often used that easily turns into the green pigment malachite, as likely observed on panel
A. In this area, thanks to the RAK photography, a clear example of rethinking depicting a
monumental door and some religious buildings was observed.

It is also worthy of remark that the distribution of the giornate boundaries suggests
that Saturnino Gatti generally had the tendency to separate the more detailed work of the
figures of the scenes from the landscapes in the background. Nevertheless, a complete
identification of the giornate boundaries was not possible since some of them were often
hidden as a consequence of the several retouching and restoration works carried out over
the centuries.

The present study shows how a documentation approach based on a multianalytical
approach can provide a very important starting point for the restoration work of a complex
monument, such as the wall painting in the church of St. Panfilo.

Lastly, as mentioned previously, this investigation represents a first digital docu-
mentation of the degradation phenomena affecting the Early Renaissance wall paintings
realized by Saturnino Gatti during 1491–1494 in Tornimparte. The graphic contents here
discussed, such as 3D photogrammetry (Figures 1 and S1), raking light photography
(Figures 3 and 5–7) and damage mapping (Figures 8–10) are able to illustrate the state of
conservation of the monument before its restoration.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app13095689/s1, Figure S1: interactive file in pdf format; Figure S2:
weathering forms affecting the wall paintings.
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Abstract: This paper presents the results obtained for the mural paintings (XV century CE) in the
church of San Panfilo in Villagrande di Tornimparte (AQ, Italy) by means of noninvasive spectroscopic
techniques; this research is a part of the project on the Saturnino Gatti pictorial cycle, promoted
and coordinated by the AIAr (the Italian Archaeometry Association). Digital optical microscopy
(OM), X-ray fluorescence spectroscopy (XRF), fiber optics reflectance spectroscopy in the UV–Vis–NIR
range (FORS), Fourier transform infrared spectroscopy in the external reflection mode (ER-FTIR),
and Raman spectroscopy were performed on the points selected based on the image analysis results
and the few available records on previous intervention, with the aim of characterizing both the
original and restoration organic and inorganic materials. The synergic application of complementary
techniques allowed us to obtain a complete picture of the palette and the main alteration products and
organic substances (of rather ubiquitous lipid materials and less widespread resin and proteinaceous
materials in specific points). The identification of modern compounds permitted the individuation of
restoration areas; this was confirmed by the comparison with multiband imaging results, as in the
case of specific green and blue pigments, strictly related to the presence of high signals of zinc. This
analytical protocol left only very few ambiguities and allowed to minimizing the number of samples
taken to clarifying, by sample laboratory analyses, the few doubts still open.

Keywords: mural painting; Saturnino Gatti; Italian Archaeometry Association; XRF; FORS; ER-FTIR;
Raman spectroscopy; pigments; binders

1. Introduction

This paper contributes to the Special Issue, Results of the II National Research Project of
AIAr: Archaeometric Study of the Frescoes by Saturnino Gatti and Workshop at the Church
of San Panfilo in Tornimparte (AQ, Italy), in which the scientific results of the II National
Research Project, conducted by members of the Italian Association of Archaeometry (AIAr),
are discussed and collected. For in-depth details on the project’s aims, see the introduction
of the Special Issue [1].

It is worth explaining that Tornimparte, its hamlet Villagrande, and the entire L’Aquila
region suffered a major earthquake in 1703. We do not have a precise record of the damage
suffered by the buildings, but it is quite relevant to the fact that the present houses are all
post-1700, and the churches are all designed in the Baroque style. Indeed, San Panfilo in
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Villagrande is a remarkable exception; however, we can speculate it was damaged by the
disaster, too. This same region was affected by another great earthquake in 1915 and then
again in 2009, which devastated the whole area.

The ultimate goal of the project is to support the foreseen restoration interventions
following the last earthquake through the complete study of the conservation status and
the characterization of the original materials, the superimposed ones, and the degradation
phenomena affecting the wall paintings. The project involved several Italian groups
working on cultural heritage materials: for each aspect of the research, a selected team of
researchers from the participant groups was involved. The analyses performed within the
project comprise micro-climatic monitoring, multispectral imaging and photogrammetric
surveying, degradation mapping, and thermography investigations, alongside the in situ
and laboratory material characterizations.

One of the first steps of the study’s project of the pictorial cycle, attributed to Saturnino
Gatti at the church of San Panfilo in Villagrande di Tornimparte, is the one presented in this
paper. Indeed, immediately after the imaging analyses (used as exploratory techniques for
the choice of the region of interest for our study and as the first approach to distinguish be-
tween the original and restored areas), noninvasive spectroscopic techniques were applied
with the aim of characterizing both original and restoration organic and inorganic paint
materials. Namely, digital optical microscopy (OM), X-ray fluorescence spectroscopy (XRF),
fiber optics reflectance spectroscopy in the UV–Vis–NIR range (FORS), Fourier transform
infrared spectroscopy in the external reflection mode (ER-FTIR), and Raman spectroscopy
were used. Each one of these techniques has its own place in the cultural heritage field, and
they are often used together in order to overcome specific limits. The synergic application
of analytical techniques, exploiting different radiation frequency ranges, indeed allows
for obtaining complementary information for a complete picture of the palette [2–5], main
alteration products [6–9] and organic substances [10–14]. Despite the poor conservation
state of the decorative materials and the presence of several retouched and restored areas,
the analytical approach adopted here provided very informative results, not only for the
identification of original materials but also for the identification of modern compounds,
allowing the individuation of restored areas that can be confirmed and highlighted by
results obtained by imaging results [15]. In the present contribution, preliminary outputs
are illustrated, and allowed to suggest a few areas, then selected for additional sampling
and laboratory analyses.

2. Materials and Methods

Tornimparte Church, the parish church located in Villagrande, a hamlet of Tornimparte,
is dedicated to Panfilo di Sulmona and dates back to around the year 1000. It still retains the
original architectural forms, although profound renovations were made following the 1461
and the 1703 L’Aquila earthquakes, being a building located in an area with a high seismic
risk. The most important intervention, however, took place in 1495, when Saturnino Gatti, a
local young artist that can be fully considered an exponent of the Renaissance, painted in
the aspis of the church a sequence of frescoes. The artistic work in Tornimparte Church has
miraculously survived until today and is essentially the only testimony of Saturnino Gatti’s
mural paintings, while several of his easel paintings and sculptures still survive.

The frescoes underwent a number of restoration interventions: the first one we know
about dates back to 1929, and even if there are no written documents describing it, the
existence of still pictures allows us to understand that restorers worked mainly on the
faces of several characters [16]. It is worth noting that these same areas are nowadays very
damaged. A second known intervention was then made in 1951, and the last one in 1972,
following a fire caused by a short circuit in 1958. Starting from this problematic condition,
the evaluation of material characterization comes to light as a necessary step before further
restoration works following the 2009 earthquake and needs to be in cooperation with the
local government authorities for cultural heritage (Segretariato regionale del ministero per i
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Beni e le Attività Culturali e per il Turismo per l’Abruzzo, and Soprintendenza Archeologia,
Belle Arti e Paesaggio per la Città dell’Aquila e i comuni del Cratere).

2.1. Selected Areas

The mural paintings of San Panfilo Church were created around 1495 by Saturnino
Gatti. In the middle of the vault is the representation of Paradise: the Eternal Father is
the central figure surrounded by Angels and the Blessed. In the arch above the main
altar, the Prophets who predicted the coming of the Redeemer are depicted, while on the
side, Archangel Gabriel is shown in the act of announcing the birth of the Son of God to
the Virgin. Around the apsis, in five separate panels, the moments of the Redemption
are reproduced: the capture of Jesus and the kiss of Judas in the Garden of Olives, the
scourging, the crucifixion, the Deposition of Christ, and the Resurrection of the Savior.

The measuring points were selected on three of the above-described panels of the lower
part of the apsis and on the blue background on the vault. For a more detailed description
of the mural paintings, please refer to [1]. The panels considered for the noninvasive
spectroscopic investigations were the Garden of Olives (panel A in the following), the
Deposition of Christ (panel E in the following), and the Resurrection (panel D in the
following). The selection of measuring points was made with the supervision and support
of the Superintendent Inspectors of the Italian Ministry of Culture and the restorers, taking
into account the geometrical limitations for the movements of the instruments. The selected
regions are representative of the original painting layers and of the various restoration
interventions, either documented or supposed; the panels and the investigated points
(about 60 for the entire cycle) are reported in Figure 1. Moreover, thanks to the close
coordination of the project, this noninvasive approach was performed after and on the
basis of the results obtained by imaging techniques [17]; in particular, visible images under
ultraviolet light and infrared reflectography were used to serve as exploratory techniques,
allowing to recognize regions of interest for the study and to distinguish between the
original and restored sections in an artwork.

Figure 1. Cont.
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Figure 1. Pictures of the analyzed scenes and investigated points: (a) panels on the vault;
(b–d) analyzed points on the vault; (e) the Resurrection, details of investigated points; (f) Garden of
Olives, investigated points; (g,h) the Resurrection, details and investigated points.

2.2. Analytical Techniques

As already stated, several complementary noninvasive techniques were applied, as
detailed in the following paragraphs. For obvious reasons, the exploitation of portable
instrumentations and techniques is highly preferable: the ultimate goal of the present
campaign was to acquire as much information as possible about both original and restoring
organic and inorganic materials in order to minimize the number of samples required for
laboratory investigations.

2.2.1. Optical Digital Microscopy (OM) in Visible Light

Magnified images were obtained by a Dino-Lite portable digital microscope, with a
CCD sensor of 5 Mpx for each point of analysis. The 50× and 200× magnifications were
considered. For a correct focus on the surface, the microscope head was gently placed on
the wall.
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2.2.2. Fiber Optics Reflectance Spectroscopy in the UV–Vis–NIR Range (FORS)

Fiber optics reflectance spectroscopy in the UV–Vis–NIR range was performed using a
FORS spectrometer (StellarNet BlueWave) working in the 400–1000 nm spectral range, with
a resolution of 0.5 nm. The light source was a tungsten halogen lamp (2800 K, 200 W/m2

power). The instrument allows the measurements in different geometry configurations and
through different configurations of fiber optics. Due to the rough and opaque surface of
the wall painting, to maximize the signal to be acquired, a 0/0 geometry (perpendicular
to the wall surface and gently applied to the investigated areas) was chosen, exploiting
a bifurcated fiber optic, which allows bringing the light to the sample and collecting the
response signal from the same probe. To reduce the signal-to-noise ratio, an integration
time of 500 milliseconds was used with the average over three scans.

2.2.3. Raman Spectroscopy

Raman spectra were acquired by means of an i-Raman Plus BW Tec in the fiber optics
configuration; the fiber optics head, mounted in a plastic holder, was gently placed on the
wall. The mounted laser had a wavelength of 785 nm with 320 mW of maximum power; the
spectral range was 200–3000 cm−1 with a resolution lower than 5 cm−1. The laser power
used was 8%, with a 10 s integration time and 3 accumulations for all the colors except the
red ones, for which the power was 10% with a 10 s integration time and 5 accumulations.

2.2.4. Fourier Transform Infrared Spectroscopy

Infrared spectra were obtained via Fourier transform infrared spectroscopy (FTIR)
on panels A, D, and E by using a Bruker Alpha portable FTIR spectrometer with an
external reflectance (ER) module and equipped with a ROCKSOLID™ interferometer and
a ZnSe/KBr beam splitter with a DTGS detector (room temperature). Circular areas of
about 3 mm in diameter were analyzed by gently leaning the ER module on the wall
for non-destructive analyses. The spectra were collected in the spectral range between
7500 and 400 cm−1, with a resolution of 4 cm−1, and a number of scans, variable from
64 to 192 (1–3 min). Opus 7.2 software was used for data acquisition and processing,
treated by smoothing and log transformation (A’ = log (1/R) [18].

2.2.5. X-ray Fluorescence Spectroscopy

Two different spectrometers were used for the XRF in situ analyses: one for the
paintings on the walls of the apsis, and the other was a handheld model, which allowed
working on the scaffolding for the vault.

The elementary analysis of the apsis walls was performed using a portable XRF Assing
LITHOS 3000 spectrometer equipped with a Mo anode X-ray tube and a Peltier-cooled
Si-PIN detector. The radiation is quasi-monochromatic at the energy of Mo Kα energy by
means of a Zr transmission filter; the X-ray tube mounts a 4 mm diameter collimator so
that the irradiated area on the sample is about 25 mm2. Data were collected using 25 kV
high voltage and 0.3 mA tube current, with a 100 s acquisition time. The distance between
the head of the device and the wall was about 10 mm.

The XRF analyses on the vault were instead performed using a Tracer III SD Bruker
portable device equipped with a rhodium X-ray tube, a palladium anticathode, and a
solid-state silicon detector energy dispersion system. The set-up was as follows: 40 keV
and 12 μA for 60 s; the instrument head, covered in soft plastic, was gently applied on the
vault. The measuring area was an elliptical spot of 4 mm × 7 mm. For data visualization
and fitting, ARTAX software was used.

For both spectrometers, we based our considerations on the raw spectra fitting: we
assigned each characteristic energy to the related chemical element and performed the
relative intensity evaluation to acquire information about the chemical composition of the
materials. From a methodological point of view, a comparison between the results ob-
tained by two different commercial portable XRF spectrometers mounting X-ray tubes with
different anode materials allows us to obtain the most from this technique. Indeed, experi-
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ence suggests that spectrometers should be selected according to the specific requirements
and type of analysis to perform, always keeping in mind the difficulty of also work-
ing on hard-to-access surfaces, such as the Tormiparte vault frescoes for which scaffolds
were required [19].

3. Results and Discussion

The goal of the research was to provide as much information as possible by exploiting
a noninvasive approach. It is well known that studying a mural painting is challenging
for many reasons, the most important of which is the contemporary presence of plaster,
pigments, degradation products, pollution, and restorations. Analyses virtually carry a
huge amount of information, which is difficult to disentangle, as it is not trivial to clearly
link an element or a compound to the corresponding material.

The in situ spectroscopic analyses have to be considered a necessary but insufficient
condition for a complete characterization of the pictorial materials and techniques ap-
plied. They certainly have the advantage of helping in the mapping of pigment and binder
presence. In addition, the joint use of the various spectroscopic techniques partially com-
pensates for the intrinsic impossibility of uniquely identifying the present stratigraphy
provided by the analyses performed on the micro-samples.

We thus performed the already mentioned analytical point-wise spectroscopic investi-
gations and then compared the results with imaging investigations [17]. We thus inferred
the type of materials (pigments and binders) and were able to distinguish between the
original and restored areas. The association of the selected techniques makes it possible
to overcome the limitations of each one and to detect all classes of pigments, binders, and
alteration products. By using these results, areas for the samplings were then chosen to
remove all remaining doubts.

3.1. Plaster

Spectra, acquired via ER-FTIR, detected the ubiquitous presence of calcium carbonate,
the principal constituent of the wall paintings’ support, featured by the undistorted ν1 + ν3
combination band of the (CO3)2− group at ca. 2510 cm−1 (with a shoulder at ca. 2590 cm−1),
and the Reststrahlen and derivative effects at ca. 1410 cm−1 (with an asymmetric stretching
band of CO3), 873 cm−1 (with an “out-of-plane” bending vibration of the (CO3)2− group),
and 713 cm−1 (with an “in-plane” bending vibration of the (CO3)2− group) [20]. Calcium
and calcium carbonate in white areas and several color backgrounds were also detected,
respectively, by XRF and Raman spectroscopy, as expected.

3.2. Pigments

The investigated areas were chosen together with the art historians and conservators
examining the results of previously performed imaging analyses—both to have a complete
picture of the original and added materials and to answer specific questions. In general,
typical pigments of mural paintings were detected. Indeed, yellow and brownish hues were
obtained by iron oxides and/or hydroxides, as well as red pigments, which constituted
mostly of iron oxides. Only in a few cases were the red details executed by using vermillion,
as, for instance, the darker vests seen in the A and E panels [1]. This pigment is easily
recognized based on Raman spectra and from the presence of mercury in the XRF ones.
In the left box, in Figure 2, the digital optical microscope image of a vest painted with
vermillion in panel A is reported.

Flesh tones were obtained by mixing a calcium-based white pigment (see Section 3.2.2
for white characterization) with iron oxides and vermillion traces. In the restored areas,
highlighted by the presence of high zinc signals in the XRF spectra and confirmed by
imaging investigations [17], lead white was also detected based on the presence of high
lead signals in the XRF spectra. The digital optical microscope image of a restored flesh
tone in panel A is reported in the right box in Figure 2.
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Figure 2. Digital optical microscope images: on the (left), panel A, dark red vest (ochre with
vermillion); on the (right), panel A, flesh tone, restored area (ochres, lead white, and zinc white). Red
scale bars correspond to 0.2 mm.

In the following sections, a deeper overview of the most interesting cases is provided.
All the results are summarized in Table 1.

Table 1. Summary table of the pigment detected in the different investigated areas on panels A, D, and E.

Panel Color Pigments

Panel A, E Green Green earth with small quantities of a copper-based pigment
Panel A Green Green earth with zinc white with small quantities of chromium-based pigment

Panel A Green Green earth, zinc, and lead white, chromium-based pigment with small
quantities of copper-based pigment

Panel E Green Green earth and other iron oxides
Panel A Green Copper-based pigment with lead white
Panel D Green Copper-based pigment, green earth, and zinc white
Panel E Green Copper-based pigment with green earth and zinc white

Panel A, D, E Flesh tones Iron oxides
Panel A Flesh tones Iron oxides with zinc and lead white

Panel A, E Blue Azurite
Panel A Blue Ultramarine with zinc and lead white
Panel D Blue Ultramarine with zinc white
Panel A Blue Prussian blue with zinc white

Panel A, D Red Iron oxides
Panel A, E Red Iron oxides with small quantities of vermillion

Panel E Red Vermillion
Panel A, D, E Yellow Yellow ochre

Panel D Yellow Yellow ochre and zinc white
Panel E Yellow Yellow ochre with small quantities of vermillion
Panel E Brown Iron oxides

Panel A, D, E White Calcite
Panel A White Calcite with small quantities of zinc white
Panel D Black Carbon or bone black

3.2.1. Green

At least two different past restorations are evident on the bases of the detected green
pigments, where one was characterized by the use of a copper-based pigment and the other
by a chromium-based green. Indeed, copper-based green and green earth were detected,
either coupled in the same measured point or separated in different points (see Table 1 for
details). This could possibly be linked to various restoration phases and can be related
to imaging mapping [17]. For instance, in panel D, both copper-based green and green
earth (this last supposed was to be the original material for greens) were detected together
with high zinc signals in the XRF spectra, indicating a modern intervention, while in one
detail on panel A, only copper-based green was found together with high signals of zinc,
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indicating this pigment was surely used for restoration intervention. On the other hand,
in the restored green areas of panel A, characterized by a high zinc presence, significant
chromium signals were detected through XRF analysis. From the in situ noninvasive
investigations, the green points left several open questions; for this reason, the green areas
were chosen for sampling and laboratory analyses [21].

3.2.2. White

In all the investigated white areas, the analytical techniques applied indicate the
presence of calcite, detected both as a calcium presence by XRF and as calcium carbonate
by Raman spectroscopy. It is worth stressing that lead white was never detected in the
white areas of the analyzed panels; however, it was sometimes detected (see Table 1) in the
restored areas of the flesh tones (see Figure 2 right) coupled with the presence of zinc and
thus related to modern restorations. Indeed, the presence of zinc white was mapped by
UV fluorescence [17] as it exhibits a well-visible lemon-yellow fluorescence. The obtained
images indicate a massive use of this pigment for retouching painting.

In the white shades, and in particular, in the highlights, the spectral evidence of pro-
teinaceous materials was unveiled by ER-FTIR (Figure 3). Proteins were recognized by
the stair-step pattern of the diagnostic absorption bands (Figure 3a) due to the stretch-
ing vibration of the C=O bond in the carbonyl group at ca. 1635 cm−1 (amide I), af-
fected by the derivative distortion in external reflection, and the C-N stretching and N-H
bending vibrations at ca. 1530 cm−1 (amide II). Moreover, they show the asymmetric
stretching vibrations of methyl CH3-CH2 groups, respectively, at ca. 2980, 2930, and
2870 cm−1 [22,23].

 

Figure 3. Infrared spectra, acquired at different points of panel E, reveal the use of proteinaceous
materials for the highlights (a,b) and lipids for the gildings (c,d).

3.2.3. Blue

The combination of XRF, FORS, and Raman spectroscopy allowed the detection of
several blue pigments related to the original and restoration areas pertaining to various
interventions, according to the imaging analysis results [17]. On the panels, both azurite
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and ultramarine were, in fact, detected in different areas, as highlighted by the combined
use of the spectroscopic techniques and reported in Table 1. In particular, XRF can detect
high copper contents in azurite, while FORS can clearly distinguish the two different
materials. It is interesting to note that, both in panel A and in panel D, the presence of
ultramarine is related to a high presence of zinc, as indicated by the XRF spectra. It is
worth noting that azurite was mapped using the UV fluorescence images [17], thanks to
the binder, as this pigment was usually applied using the “secco” technique [24,25]. On
panels A and E, the typical infrared bands of azurite, at ca. 2592, 2557, and 2510 cm−1

(ν1 + ν3 combination band of (CO3)2−), along with the strong doublet at ca. 4380 and
4244 cm−1 (combination ν + δ (OH) and overtone 3ν3), were detected by ER-FTIR
(Figure 4) [26]. In these areas, the XRF (high copper presence) and FORS spectroscopy
indicated the use of this specific blue pigment. For blue pigments, as well as for green ones,
a second restoration phase was highlighted by the use of Prussian blue. In fact, on panel
A, the presence of the peak related to the carbon–nitrogen bond at ca. 2088 cm−1 in the
ER-FTIR spectra suggested the use of Prussian blue (Figure 4) [27,28]. In this same area, the
higher iron presence, along with the zinc signals in the XRF spectra, upholds a Prussian
blue presence and confirms that it pertains to a modern restoration.

 

Figure 4. ER-FTIR spectra, acquired on a figure with the blue clothing on panel A, reveal the spectral
evidence of azurite in the original area (A05) and Prussian blue in the restored part (A08).

Regarding the vault, instead, only XRF analyses were carried out, with the aim of
investigating the composition of the blue background. However, due to problems relating to
the height of the scaffold and the instrument placement, it was only possible to reach limited
portions located in the lower part of the vault, while the top surfaces were not subjected
to analysis. In all the spectra analyzed, as expected, high counts relating to calcium were
observed. These are correlated to the Ca-rich matrix of the plaster. The calcium signals
are always associated with those of strontium. Exceptions are the points analyzed in a
single region of the vault (points V_08-V_12) in which the Sr signals are not detected; this
could indicate that the calcium carbonate in that area was applied during restoration and
shows a different geochemical signature. The XRF spectra also show intense counts relating
to iron. The presence of this element, ubiquitously detected in the XRF spectra of all the
areas of the vault analyzed, can be justified by the presence of a level of red preparation
for the blue application, traditionally made with morellone [29]—an orange iron oxide
and black carbon mixture applied on a calcite substratum. Copper signals are also always
present, even if with very low intensities. These data allow us to hypothesize the presence
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of residual original azurite, which was subsequently integrated with modern materials.
Regarding the identification of the blue pigment used in the repainting, a hypothesis can
be formulated regarding the use of a mixture of Prussian blue and zinc white, the latter
highlighted by the UVF images showing the lemon-yellow luminescence characteristic of
the pigment [17], as already verified in the apsis panels. Indeed, as aforementioned, the
presence of the Prussian blue pigment was confirmed by the ER-FTIR and XRF spectral
results and by the analyses on cross-sections of the retouched blue backgrounds present in
different areas of the pictorial cycle [30].

A further assumption that can be formulated for the points where there are no charac-
teristic elements linked to a precise blue pigment (e.g., copper or cobalt) is the presence of
a level of morellone, which could justify the intense signals of iron, with a superimposed
layer made with ultramarine and lead white, applied to integrate the original azurite. Ad-
ditionally, in this case, the hypothesis is partially confirmed by the results of the sampling
and by the subsequent analytical investigations on the cross-sections, which highlight the
presence of this mixture in some portions of the bottom of the vault. It is worth noting that,
as previously stated, ultramarine was detected in some of the restored areas (individuated
by the presence of high Zn signals in XRF spectra) of the apsis panels, for instance, in the
blue vests in panel D.

3.3. Gildings

The gildings displayed a presence of gold X-ray characteristic lines, Lα and Lβ, in the
XRF spectra, respectively, at 9.71 keV and 11.44 keV, and also in those areas where they are
no longer visible to the naked eye. Some of these areas, if observed by a digital microscope
(see Figure 5), show the presence of residual islands of gildings.

   

Figure 5. Digital optical microscope images for residual gildings: from the left, panel A, panel D, and
panel E. Red scale bars correspond to 0.2 mm.

On the gold gildings, the ER-FTIR revealed the use of lipidic material (i.e., oil), likely
used to adhere the gold leaf to the surface. On the spectra acquired on all analyzed panels,
sharp and intense signals with a derivative shape relative to ν(CH2/CH3) stretching appear
at ca. 2930 and 2860 cm−1, along with a weaker shoulder at ca. 2960 cm−1, as well as the
derivative band at ca. 1750 cm−1 due to the carbonyl asymmetric stretching band [14].
Moreover, in the near-infrared region, the peculiar doublet was detected due to the combi-
nation of methylenic C–H stretching and bending at ca. 4345 and 4255 cm−1 (Figure 3d) [31].
As highlighted by the multiband imaging investigations [17] in specific areas, the presence
of organic material allowed us to map the original presence of the gildings, which were
also on some dresses and veils. Indeed, all these areas are characterized by a yellow–orange
fluorescence in the UVF (ultraviolet fluorescence photography) images [17] due to the
presence of organic material and, namely, the lipidic fraction of the so-called missione
used to make the gold adhere. The missione is the preparation (and sticking) layer of the
gildings, made using linseed oil and small quantities of pigments. This type of mapping
allowed us to recognize the former presence of gildings in several other areas, such as in
the rays that leave the angels in the Resurrection scene (panel D).
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3.4. Organic Materials

The ER-FTIR spectroscopy proved particularly effective in unveiling the types of
organic materials occurring on the wall paintings examined. Spectral features suggested, in
fact, the rather ubiquitous presence of lipid materials (oils and/or waxes) along with less
widespread resins.

In addition to the gildings, traces of oils were detected in most of the spectra acquired
on panels A, E, and D, highlighted by the bands at ca. 4345, 4255, 2960, 2930, 2860, and
1750 cm−1 (Figure 6).

Figure 6. Detail of panel D, where oil (D10), resin (D06), and wax (D04) were detected.

Occasionally, instead, the spectral evidence of waxes and resins was observed. The
waxes were easily distinguished by diagnostic CH2 derivative-like stretching doublets at
ca. at 2935 and 2858 cm−1, with a weaker band near 2955 cm−1 (for the CH3 stretching
vibration, see Figure 6). The derivative effect at ca. 1740 cm−1 (C=O stretching vibration)
was only occasionally observed as a very weak band. Where it lacks, the presence of
paraffin could be hypothesized. Resins, instead, are featured by three broader, medium-
weak signals at ca. 2980, 2950, and 2850 cm−1, although the most diagnostic band is visible
at ca. 1750–1740 cm−1, related to the C=O stretching vibrations [22,23,32].

3.5. Alteration Products

The ER-FTIR also revealed the presence of specific alteration products affecting the
wall paintings due to the alteration of the Ca-carbonate substrate and organic materials.

Most spectra from panels A, D, and E, in fact, showed the spectral evidence of calcium
sulfate, featured by the broad bands at ca. 2230 (2ν3 SO4; ν2 + νL H2O) and 2140 cm−1

(ν1 + ν3 SO4) and peaks at ca. 1150 cm−1 (ν3 antisymmetric SO4 stretching vibration
modes), 670, and 600 cm−1 (ν4 antisymmetric SO4 bending vibration modes), along with
the O-H stretching bands between 3600 and 3400 cm−1 (Figure 7a) [20].

Calcium sulfate could have several origins, as ion sulfates can be present in the form
of impurities in the plaster, or calcium sulfate can arise from the soil; sulfate species are
dissolved in soil water and, for capillary action, migrate and crystallize on wall surfaces [33].
An alternative hypothesis linked to the high presence of retouched areas is that calcium
sulfate comes from the pigments used by restorers, as most of the time, calcium sulfate was
added to the rated pigment. Indeed, sub-efflorescence and efflorescence, with consequent
detachment and disintegration, were observed on the restoration mortars near the windows
of panels A and C and along the lower part of the apsidal conch [34]. It is also worth
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noting that calcium sulfate was also detected in the samples from the Saturnino Gatti
cycle through micro-stratigraphic analyses of thin sections [35] and the characterization of
sampled soluble salts [36].

 

Figure 7. ER-FTIR spectra acquired on panel A show the spectral evidence of Ca-sulfates (a) and
Ca-oxalates (b). Reference spectra [22] were also reported for comparison.

Moreover, in most spectra, the characteristic bands of calcium oxalate at ca. 1615 cm−1

(C=O vibration) and 1320 cm−1 (C-O vibration) were observed (Figure 7b) [22].

4. Conclusions

This paper presents one of the research activities in the frame of the study project of
the pictorial cycle attributed to Saturnino Gatti at the church of San Panfilo in Villagrande
di Tornimparte. The analytical campaign was promoted and coordinated by the AIAr
(Italian Archaeometry Association) and established in cooperation with the Italian Ministry
of Culture prior to the restoration works that became strictly necessary after the 2009 great
earthquake in the region. In this context, we have presented the results obtained using in
situ noninvasive analyses performed after, and guided by, the imaging techniques with
the aim of characterizing the original and superimposed materials and, thus, allowing
minimization of the sampling areas for further laboratory investigations.

The optimized analytical approach proposed, based on noninvasive diagnostics,
proved to be powerful enough to characterize the present materials, ranging from the
original pictorial layers to repainting and retouching, and to identify the techniques em-
ployed for the realizations of the wall paintings. The combination of elemental analysis with
molecular characterization, provided by X-ray fluorescence and UV–vis spectroscopies,
respectively, allows for the in situ noninvasive acquisition of a remarkable amount of infor-
mation about the paint materials used by Saturnino Gatti. His palette comprises pigments,
either used pure or in a mixture, to create different hues and are all compatible with the
coeval pictorial technique. For the flesh tones, the artist used a mixture of calcium-based
white with ochres/earths and amounts of vermillion. The presence of lead white has been,
instead, highlighted in the retouched areas. Azurite was identified as the original pigment
for the blue hues, while restorations occurred, probably at different times while using
ultramarine or Prussian blue. Green earth, copper-based green, and chromium-based green
were identified in different points or mixtures and probably pertained to the different
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interventions in the artwork. For the red hues, Saturnino Gatti painted mainly using iron
oxides; in a few cases, these were mixed or in superimposition with vermilion. For the
yellow and brown tones, the original areas revealed iron hydroxides.

The noninvasive approach suggests the use of a gilding technique with a golden leaf
adhered to a red bolus preparation in areas where it is no longer visible to the naked eye.

Moreover, in addition to the original palette, the analytical protocol identified modern
paint materials, such as Prussian blue, zinc white, copper, and chromium-based greens,
used for numerous retouching. The repainted areas analyzed are probably attributable to
several conservation interventions carried out in different periods.

In conclusion, a strong synergy with the imaging techniques survey performed on the
same pictorial cycle, allowed an implementation on the quality of the punctual analyses
results, demonstrating how a well-designed noninvasive campaign permits to drasti-
cally reduce a sampling, necessary to complete the information on the materials and the
artist’s technique.
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Abstract: This paper reports the investigation of six microsamples collected from the vault of the
San Panfilo Church in Tornimparte (AQ). The aim was to detect the composition of the pigments
and protective/varnishes, and to investigate the executive technique, the conservation state, and
the evidence of the restoration works carried out in the past. Six microsamples were analyzed by
optical microscopy, scanning electron microscopy coupled with energy-dispersive spectroscopy (EDS),
X-ray fluorescence (XRF), and infrared and Raman spectroscopy. The investigations were carried
out within the framework of the Tornimparte project “Archeometric investigation of the pictorial
cycle of Saturnino Gatti in Tornimparte (AQ, Italy)” sponsored in 2021 by the Italian Association of
Archeometry (AIAr).

Keywords: pigments; retouching; executive technique; conservation state; XRF; FT-IR; SEM

1. Introduction

This paper contributes to the Special Issue “Results of the II National Research project
of AIAr: Archaeometric study of the frescoes by Saturnino Gatti and workshop at the
church of San Panfilo in Villagrande di Tornimparte (AQ, Italy)”, in which the scientific
results of II National Research Project conducted by members of the Italian Association of
Archaeometry (AIAr (Associazione Italiana di Archeometria. http://www.associazioneaiar.
com/wp/home-2/, accessed on 20 February 2023)) are discussed and collected. For in-
depth details on the aims of the project, see the introduction of the Special Issue [1]. This
work is a first attempt to understand the historical past of these frescoes on the basis of
a direct observation of the current state of conservation and a study of the (fragmentary)
documentation preserved in the archive [2,3]. The frame in which the execution of the
pictorial cycle can be placed begins with a note of an advanced payment given to the
artist in 1489; it was 1491 when Saturnino started to work on the frescoes which were
completed in 1494 [2]. Art historians consider this cycle of frescoes the cornerstone of
Saturnino Gatti’s activity as a painter; it is also considered his masterpiece for the close and
evident similarities that the frescoes demonstrate with the models of his famous master, the
Florentine sculptor and painter Andrea del Verrocchio. New information from the recent
analysis campaign is added [4–6]. The pre-restoration analysis is an invaluable contribution,
setting objective data on the quality and nature of the original and restoration materials
and degradation processes, leading us on a parallel path that confirms and enriches the
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information reported on the documents in our possession. In the long life of an artwork,
the conservation events are difficult to reconstruct [7,8], on one hand, because the news
is often fragmentary and inaccurate, and, on the other, because it is not possible to see
beyond the mere aesthetic aspect through only visual inspection. In addition to the normal
degradation to which the constituent materials are subjected, we have to deal with clumsy
and invasive interventions and inadequate maintenance work. In this regard, there is not
much to add to the description made by Giuseppina Vecchioli where she describes how
the frescoes of the vault appear “grossly repainted”, and how the figures are excessively
reintegrated [9]. This is how the most important pictorial cycle of Saturnino Gatti appears
today. Its history is not only made up of localized and limited interventions responding to
the scarce economic resources of the moment, since other factors have determined uneven
intervention, always characterized by different criteria. It is then necessary, as spectators, to
take a step back and try to take a view of the most important events that have marked the
history of these frescoes. Through the examination of some documents, we can verify how
there have been episodes causing degradation in paintings over the years. Some of these
events are listed in a letter signed by Mons. Bernardino Santucci dated 12 February 1964,
and addressed to the Superintendent of Medieval and Modern Art and the Minister of
Education: “the earthquake of 15 January 1915, devastating war of 1940–1944, very hard
winter of 1962–1963, and permanent moisture penetrating from the roofs and the floor
under which are burials of the dead” (12 February 1964). The first documented information
placed in the records of this Superintendency concerning this pictorial cycle dates back
to 1950 and after the note signed by the Superintendent which describes: “Some bombs
that exploded nearby damaged the roof and the windows in various points”, attaching an
appraisal of the amount of 40,000 ITL “to prevent the next winter season from damaging
the paintings”. Another note of 3 August 1950 for the financing “will follow . . . on the
chap. 257 relating to war damages”. The total amount of 3,400,000 ITL concerned three
of the most damaged sacred buildings in the area, including S. Panfilo di Tornimparte
(Letter from Soprintendenza ai Monumenti e Gallerie degli Abruzzi e Molise, addressed to
Ministero della Pubblica Istruzione e Direzione Generale delle Belle Arti, 3 August 1950).
To the catastrophic events are added others dictated by the lack of maintenance and neglect
(such as the fire of October 1958), or little availability of funds, all leading us to the same
result, i.e., “the frescoes of Gatti are deteriorating visibly”. A letter written by the then
parish priest Bernardino Santucci recalls the damage suffered by the building: “After the
restorations of 1929, nothing more remarkable has been done for the conservation and
decoration of the Holy Temple and its sacred works of art of which it is rich”. It continues:
“Because of the bad weather of the mountain and of the war, everything is in a state of decay
and ruin and urgent action is required as the pictorial cycle continues to deteriorate” (Letter
from Sac. Bernardino Santucci, addressed to Direttore Generale, 15 February 1951). At the
previous request, and, after some exchanges between the superintendency and the Ministry
of Public Education, in August, the Superintendent requested and communicated that it
would be sufficient to carry out the work on the frescoes, that another estimate was received,
that an allocation was approved, and that the announcement of the forthcoming start of the
work was given (Letter from Soprintendente Dott. Arch. Umberto Chierici, addressed to
Reverendo Parroco di S. Panfilo, 13 September 1951). In 1951, the allocation of the necessary
funds for the restoration of the frescoes by Saturnino Gatti in Tornimparte was approved.
For the approval of these funds, an expense report is found in the documents that describe
in detail the intervention proposed on 30 August 1951: “cleaning of the painted surface
and removal of vast in paintings altered by time, fixing of the crumbling and crumbling
color and consolidation of swollen plaster areas with injections of lime caseate, filling of
cracks or gaps in backgrounds with local glazes”.

The Wall Paintings of the Apse of San Panfilo

These paintings were restored for the first time in 1929 by Domenico Brizi. Another
intervention to mention is that by Enrico Vivio, following the fire of 1958–1959. A new
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communication dated 5 November 1958 resumes the need for a restoration of the pictorial
cycle, this time due to the fire caused by electric damage in the night between 5 and
6 October in the parish sacristy, with consequent damage to the frescoes in the apse [5].
On 12 November 1958, the Superintendent announced that a technician had been sent to
carry out the necessary investigations, confirming in a subsequent note dated 12 November
1956 the start of “cleaning and restoration” work and confirmed by a letter of thanks
dated 14 April 1959, written by the parish priest of San Panfilo Mons. Bernardino Santucci
(Letter from Mons. Bernardino Santucci, addressed to Soprintendente all’arte Medievale e
Moderna L’Aquila, 10 April 1959). About 15 years after this last restoration, a new overall
intervention of the paintings was entrusted to the restorers Antonio Liberti and Umberto
Marini, and, in a letter addressed to B. Santucci, the architect Mario Moretti specifies that
the intervention would begin, but only once the roof was restored “ . . . and, nevertheless,
not before the spring of 1971” (29 December 1970). “The frescoes of the vault, due to the
infiltration of moisture from the roof, have large oxidations and blooms of carbonates
and nitrates and the presence of mildew, which have seriously altered the blues. In some
areas the color has fallen; in others, the color is curled and unsafe” (arch. Mario Moretti,
17 April 1972). The architect Moretti describes a very bad state of conservation of the
paintings of the vault. Among other things, he mentions the serious alteration “of the
blues”, covering a large area; hence, at the time, a trace of the original coloring of the sky
was perhaps still visible. It is worth mentioning that, with the cleaning carried out on that
occasion, according to Liberati, the original colors were recovered as much as possible,
freeing the frescoes of the superfetations. According to the judgment of Ferdinando Bologna,
the cleaning was excessive, compromising the legibility of important details. Unfortunately,
details of the appraisal presented are sparse and do not offer useful information to trace
the cleaning system used or if a pre-consolidation work of the pictorial film was performed
before cleaning the surface, deducing that the frequent infiltrations had generated a serious
problem of decohesion of the pictorial layer. At first glance, the pictorial work still manages
to convey the beauty of the composition and the accurate stroke of its figures. Conducting
a more accurate visual inspection, the numerous “interferences” against the pictorial film
creep into the eyes of the viewer; the celestial vault appears covered by a heavy and compact
dark-blue application and many interventions on some figures, distorted by interpretative
integrations. On the walls, there are gaps, abrasions of the pictorial film and humidity
problems. The investigations conducted, using different methods, analyzed each situation
and found answers that are not handed down in the documents. In the apse, the one that
first catches the eye is the background of a very compact blue. The sky is heavily repainted,
leaving a set of figures “cut out and outlined” by heavy coloring. On the other hand, the
figures floating in the sky show both signs of degradation, such as abrasions and small
gaps, and repaints that overload the features of hands and faces. The succession of winter
seasons, frost and thaw, and repeated episodes of infiltration from the roof have caused
the degradation of the supporting plaster and serious decohesion of the pictorial film as
described by the architect Mario Moretti in his report. However, it is to be assumed that
these episodes have been a constant in the long life of these paintings, as demonstrated by
the same repainting already mentioned. Therefore, the aim of this work is to identify the
pigments, binders, and protective/varnishes, to study the stratigraphy, and to investigate
the executive technique and the conservation state of the paintings at the Vault. Attention
was paid to evaluate the original pigments or eventually the ones used during a restoration
work performed in the past. Six microsamples collected in the Vault were analyzed with
the main aim of understanding the stratigraphy and providing a post quem term for the
realization of the extensive integrations and additions, which altered the colors and original
reading of the fresco. The adopted methodology is based on a combined use of several
techniques, widely used for elemental and molecular investigations of pigments in the
field of Cultural Heritage: observation of cross-sections under optical microscopy and
scanning electron microscopy coupled with EDS detection, X-ray fluorescence (XRF),
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and Raman spectroscopy, along with an investigation of each layer thought μ-infrared
spectroscopy [10–12].

2. Materials and Methods

2.1. Materials

The six microsamples were selected on the basis of the results given by the multispec-
tral investigation, reported in [4–6]. All microsamples were collected in the upper part of
the vault, as reported in Figure 1.

Figure 1. Area of the vault where the microsamples have been collected. The number corresponds to
the ID microsamples.

The ID samples and a photo of each microsample, together with the aim of the specific
investigation, are reported in Table 1.

2.2. Methods

The cross-sections were prepared by embedding the collected microsamples into epoxy
resin (bicomponent Prochima E30) and curing until solidification at room temperature. The
resin was then cut and polished to get the stratigraphy across the center of the objects.

Optical microscopy observation was performed using a LEICA EZ24W optical micro-
scope in reflection mode. Sample 39B cross-section was observed in reflected light by means
of a ZEISS Axio Scope A1 microscope, equipped with a video camera (5 MP resolution),
and image analysis software AxioVision (V1).
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Table 1. ID sample, area of the sampling, photo of the microsamples, and their macroscopic description.

ID Sample
Photo of the Sampling Area (Indicated by

the Yellow Arrows)
Photos of the Microsample

(Front)

SG_37B

Gray pigment on degraded pictorial layer

SG_38

Green pigment on preparation layer

SG_39A

Blue pigment on red pictorial layer and then on plaster

SG_39B

Blue pigment on red pictorial layer and then on plaster

SG_41A

Violet pigment on plaster

SG_42

Dark-blue pigment

SEM investigation coupled with energy-dispersive X-ray spectroscopy (EDS) analysis
was performed using a Phenom Pro X, Phenom-World (The Netherlands) with an optical
magnification range of 20×–135×, electron magnification range of 80,000×–130,000×, max-
imal digital zoom of 12×, and acceleration voltage of 15 kV, as well as an EDS detector, with
a nominal resolution of 10 nm or less. The microscope was equipped with a temperature-
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controlled (25 ◦C) sample holder. The samples were positioned on an aluminum stub using
adhesive carbon tape. Morphological and semiquantitative microchemical analyses of sam-
ple 39B were performed using a SEM-EDS electronic microscope (ZEISS EVO MA 15) with
a W-filament equipped with an analysis system in energy dispersion EDS/SDD, Oxford
Ultimax 40 (40 mm2 with resolution 127 eV @ 5.9 keV) and the Aztec 5.0 SP1 software.
Measurements were performed on a carbon-metallized cross-section of the sample under
the following operating conditions: accelerating potential of 15 kV, 500 pA beam current,
working distance between 9 and 8.5 mm, 20 s live time as an acquisition rate useful for
archiving at least 600,000 cts, on co-standard and process time 4 for point analyses, and
500 μs pixel dwell time for recording 1024 × 768 pixel resolution maps. The software for
the microanalysis was Aztec 5.0 SP1 software, which uses the XPP matrix correction scheme
developed by Pouchou and Pichoir in 1991 [13].

XRF spectra were acquired using a Tracer III SD Bruker AXS portable spectrometer.
The irradiation by a Rhodium Target X-Ray tube operating at 40 kV and 11 μA and the
detection of fluorescence X-rays by a 10 mm2 silicon drift X-Flash detector allowed the
detection of elements with atomic number Z > 11. A window of 3–4 mm in diameter
determined the sampled area. Each spectrum was acquired for 30 s. The S1PXRF® software
(https://s1pxrf.software.informer.com/, accessed on 14 April 2023) was used for data
acquisition and spectral assignments. The fluorescence signal area was estimated once the
deconvolution of the whole spectrum was performed using the software ARTAX 7. Ar, Ni,
Pd, and Rh signals, due to the atmosphere and instrumental components, were also present
in all spectra.

Raman spectra were acquired through a LabRAM HR-800 Jobin-Yvon spectrometer
equipped with a laser at 633 nm, and a Bravo Bruker spectrometer equipped with two
lasers at 785 and 853 nm.

The μ-IR spectra were acquired through a micro FT-IR Lumos Bruker spectrophotome-
ter equipped with a Platinum ATR unit using a germanium crystal operating in the spectral
range between 4000 and 600 cm−1, with a spectral resolution of 2 cm−1 and 120 scans. The
size of the investigated area was determined by the size of the crystal tip (~50 microns).
In all spectra, a baseline correction of scattering was made. Data analysis was performed
using the OPUS 7.5® software.

3. Results and Discussion

The ID samples, the macro-photos of the cross sections observed under the optical
microscope, and the description of the observed layers are reported in Table 2.

For all samples, the plaster made of calcium carbonate (CaCO3), consisting of aggre-
gates of variable grain size and different colors, and the presence of a protective copolymer
of vinyl-acrylate acetate/Mowilith DM912 [14], ascribed to a previous restoration, were
identified. In most of the microsamples, the presence of weddelite or whewellite, at-
tributable to the growth of microorganisms responsible for biological degradation [15],
was identified.

The obtained results for each microsample are reported separately below.

3.1. SG_37B Microsample

This microsample is constituted by two layers:

– Plaster made with a light-colored binder (calcium carbonate, CaCO3), consisting of
aggregates of variable grain size and color;

– Continuous and homogeneous dark-gray layer.
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Table 2. ID sample, macro-photos of the cross-section observed under the optical microscope, and
description of the observed layers.

ID Sample
Macro-Photos of the Cross-Section Observed under the

Optical Microscope
Description of the Observed Layers

-from the Top to the Bottom-

SG_37B

2 layers:
- Dark gray (mixture of organic black
and ochre)
- Plaster

SG_38

3 layers:
- Green pigment
- Grey primer (mixture of black, ochre, and
white pigments)
- Plaster

SG_39A

6 layers:
- Blue pigment, retouching
- Red pigment, retouching
- White primer
- Red pigment
- White primer
- Plaster

SG_39B

3 layers:
- Blue pigment with white grains
- Red pigment
- Plaster

SG_41A

3 layers:
- Red-violet pigment and gypsum
- White primer
- Plaster

SG_42

4 layers:
- Green pigment
- Blue pigment applied a secco
- Red-violet pigment and gypsum
- White primer
- Plaster

The XRF spectra show the peaks of calcium (Ca), iron (Fe), and lead (Pb), suggesting
that the gray layer is made up of a mixture of several parts of ochres (iron oxides) and a
black pigment (such as carbon black), probably the so-called caput mortuum pigment, also
known as morellone (a mixture of red ochre and organic black). The presence of lead (Pb)
indicates the use of white lead pigment (Figure 2). The FT-IR spectrum shows absorption
bands at 1783, 1428, 870, and 716 cm−1, attributed to the characteristic vibrations of the
carbonate ion (CO3

2−) [16], used as a binder, and the absorption bands at 2973, 2926, 1731,
1433, 1370, 1227, 1120, 1020, 945, 865, 795, 632, and 604 cm−1 ascribable to a synthetic resin
known as Mowilith DM 912 [17].
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Figure 2. (left) FT-IR and (right) XRF spectra acquired on the front and back of the SG_37B micro
sample before the preparation of the cross-section.

3.2. SG_38 Microsample

This microsample is constituted by three layers:

– Plaster made with a light-colored binder (calcium carbonate), consisting of aggregates
of variable grain size and color;

– Continuous gray layer;
– Green layer.

The XRF spectra (Figure 3) show the peaks of calcium (Ca) and iron (Fe), suggesting
that the gray layer was obtained by mixing a white pigment with a black pigment probably
obtained from natural earth (organic black, a mixture of clay and calcium carbonate, iron,
and manganese). For the green pigment, the presence of iron (Fe) and silicon (Si) in the XRF
spectra suggests the use of green earth (ferrous and ferric silicates of potassium, manganese,
and aluminum plus oxides of Fe, Mg, Al, and K). As with the previous microsample, the
FT-IR analysis showed the presence of calcium carbonate and a synthetic resin known
as Mowilith DM 912. The bands of whewellite (1623, 1320, and 780 cm−1) were also
present [15].

Figure 3. (left) FT-IR and (right) XRF spectra acquired on the front and back of the SG_38 microsample
before the preparation of the cross-section.
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3.3. SG_39A Microsample

This microsample is constituted by six layers:

– Plaster made with a light-colored binder (calcium carbonate);
– First layer of white drafting;
– Second layer of red drafting (red ochre/hematite);
– Third layer of white drafting (calcite);
– Red layer applied a secco, retouching;
– Blue layer (Prussian blue) applied a secco, retouching.

The EDS analysis, acquired along the dashed line reported in the SEM micrograph
(Figure 4), showed the elements present in the different layers. The results mainly indicated
the presence of calcium (Ca), lead (Pb), and iron (Fe). From the distribution of the elements
along the cross-section of the sample, from the plaster toward the surface pictorial layers, a
high Ca content can be observed, which is attributable to the calcite present in the plaster
and in the first white layer, followed by Fe in correspondence of the second red layer,
which suggests the use of red ochre. The use of minium or other lead-based pigments
such as litharge or massicot cannot be excluded [18]. However, the presence of lead (Pb)
may also indicate the use of lead white pigment. An increase in Ca was observed again,
in correspondence with the third white layer, followed by the Fe presence for the second
red layer and the last blue layer, which suggests the use of red ochre and Prussian blue
(Fe4[Fe(CN)6]3), respectively.

As for the previous microsamples, the FT-IR analysis showed the presence of calcium
carbonate, a synthetic resin known as Mowilith DM 912, and whewellite and weddellite. In
addition, the IR bands at about 2100 cm−1, attributable to the stretching of the triple bond
–C≡N. and two Raman bands at 520 and 2148 cm−1, attributable to the ferric hexacyano-
ferrate, Fe4[Fe(CN)6]3, are ascribable to the Prussian blue pigment. The Raman band at
1008 cm−1 is typical of gypsum (CaSO4)·2H2O. The presence of Prussian blue is ascribable
to a retouching, applied a secco (Figure 5).

Figure 4. (left) SEM micrograph and (right) the corresponding EDS profile of SG_39A cross-section.
The EDS investigation was performed along the dashed line to evaluate the distribution of Ca, Pb,
and Fe from the back to front of the sample.
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Figure 5. (top left) FT-IR and (top right) XRF spectra acquired on the front and back of the SG_39A
microsample. (bottom left, right) Raman spectra acquired on SG_39A before the preparation of the
cross-section.

3.4. SG_39B Microsample

This microsample is constituted by three layers:

– Plaster containing rounded and squared grains;
– First layer of red coating, probably the so-called morellone or caput murtuum (a mixture

of red ochre and organic black) [19];
– Blue layer (approximately 20 μm) with white grains inside.

The EDS analysis was acquired on the three layers and, when required, in correspon-
dence with specific colored grains, in order to characterize every single pigment (Figure 6).
The acquired spectrum on the observed underlayer (plaster) showed large amounts of
calcium (Ca), in addition to silicon (Si), aluminum (Al), sodium (Na), magnesium (Mg),
potassium (K), and iron (Fe). Concerning the above red layer (SEM-EDS not reported),
the only detected chromophore element was Fe, in relation to the use of red ochre, which
supports the hypothesis made for morellone. The analysis of the blue layer showed the
presence of a high percentage of lead (Pb), in white grains, due to the use of lead white
pigment, as well as Si, Al, Na, and sulfur (S), in blue grains, all distinctive elements for
ultramarine blue.
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Figure 6. (left) SEM micrographs and (right) the corresponding EDS spectra of the SG_39B microsam-
ple cross-section.

3.5. SG_41A Microsample

This microsample is constituted by three layers:

– Plaster made of a light-colored binder (calcium carbonate), consisting of aggregates of
variable grain size and color;

– White layer;
– Continuous, compact, and homogeneous purplish layer.

The EDS analysis, acquired along the dashed line in the SEM micrograph, showed the
trends of the characteristic elements Ca, Fe, and a slightly higher amount of manganese
(Mn), Figure 7. From the distribution of the elements along the cross-section of the sample,
from the plaster toward the superficial pictorial layers, a high Ca content could be observed,
attributable to the calcite present in the plaster and in the first white layer, followed by
an intense peak of Fe in correspondence with the purplish layer, which, together with
the presence of small quantities of Mn, suggests the use of umber (iron and manganese
oxides). This hypothesis was confirmed by the XRF spectra because the same elements
were identified. As for the previous microsamples, the IR analysis showed the presence of
calcium carbonate, Mowilith DM 912, and whewellite and weddellite. The FT-IR bands
at 2900, 2839, 1620, 1121, 1033, 940, and 876 cm−1 confirmed the presence of the pigment
caput mortuum mixed with gypsum [20].

3.6. SG_42 Microsample

The microsample is constituted by four layers:

– Plaster made of a light-colored binder (calcium carbonate), consisting of aggregates of
variable grain size and color;

– First continuous and homogeneous white layer (zinc white);
– Second continuous and homogeneous purplish-red layer (caput mortuum);
– Continuous and inhomogeneous blue layer. The presence of grains of variable size

and of different colors, particularly green, can be observed.

73



Appl. Sci. 2023, 13, 7088

Figure 7. (top left,right) SEM micrograph and the corresponding EDS profile of the SG_41 microsam-
ple cross-section. The EDS investigation was carried out on the dashed line to evaluate the distribution
of Ca, Fe, and Mn from back to front of the sample. (bottom left) FT-IR and (bottom right) XRF
acquired on the front and back of the SG_41 microsample before preparation of the cross-section.

The EDS analysis, acquired along the dashed line reported in the SEM micrograph
(Figure 8), showed the trends of the distribution of the characteristic elements Ca, zinc
(Zn), Fe, and copper (Cu) along the cross-section of the sample from the plaster toward
the surface paint layers. A high Ca content, attributable to the calcite of the plaster, was
observed, followed by an increase in the Zn and Fe content, indicating the presence of
zinc oxides in the white layer and of iron oxides in the red purplish layer, respectively,
along with a subsequent increase in the Cu content in correspondence with the blue layer,
attributable to the presence of a copper-based pigment such as azurite. Since the azurite
is a water-soluble substance and reacts with the lime present in the fresh plaster, it was
not applied a fresco, but a secco. On the other hand, the presence of green grains was
evident under the optical microscope (Figure 9), which could be an indication of malachite,
and an indication of the well-known reaction of conversion of azurite in malachite [21].
However, the results did not allow excluding the presence of other green–blue Cu-based
pigments [22]. The barium (Ba) signals in the XRF spectra could indicate the presence of
impurities in the copper-based pigment.
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Figure 8. (top left,right) SEM micrograph and the corresponding EDS profile of the SG_42 microsam-
ple cross-section. The EDS investigation was performed on the dashed line. (bottom left) FT-IR
and (bottom right) XRF spectra acquired on the front and back of the SG_42 microsample before
preparation of the cross-section.

The presence of zinc oxide in the first white layer and of iron oxide added with
manganese oxides in the second purplish-red layer was confirmed by the XRF spectra,
suggesting the presence of the pigment caput mortuum and umber pigment.

As for the previously described microsamples, the FT-IR analysis showed the presence
of calcium carbonate, Mowilith DM 912, and the pigment caput mortuum or morellone
mixed with gypsum.
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Figure 9. Image of the surface observed under the optical microscope.

4. Conclusions

The investigation here reported gave an overview of the pigments, the conservation
state, the executive technique, and the trace of past retouching. For all samples, the
plaster made of calcium carbonate (CaCO3), consisting of aggregates of variable grain size
and different colors, and the presence of a copolymer of vinyl-acrylate acetate/Mowilith
DM912 [14], probably used in previous restoration work as protective, were identified. The
presence of weddellite and whewellite is ascribable to some microbiological attack, and the
presence of gypsum is an indication of the not good conservation state.

The painter used the traditional fresco technique with the white primer of calcium
carbonate before applying the pigments.

In the vault, the following original pigments have been identified:

– Black pigment probably obtained from natural earth (black earth, a mixture of clay and
calcium carbonate, iron and manganese)
– Dark gray: caput mortuum or morellone (mixture of organic black and ochre)
– Red pigment: red ochre/hematite
– White pigment: lead white
– Red–violet primer (caput mortuum or morellone)
– Green pigment: green earth
– Blue pigment: ultramarine blue
– The pigments, used during previous restoration work, are:
– White pigment: zinc white
– Red pigment (red ochre), applied a secco, retouching;
– Blue pigment (Prussian blue), applied a secco, retouching.

The blue pigment azurite applied a secco, partially converted into the green malachite,
could be both original and applied by retouching.

The same pigments have been identified on other areas of the painting in the frame-
work of the same campaign [23].

Through the recent campaign of investigations, representing the most complete study
ever on the cycle of Saturnino Gatti in San Panfilo, we added some important details to the
written information. From the beginning, the aim of carrying out scientific investigations
was to find answers and acquire new information on the basis of objective data to elaborate
the next restoration project. However, it cannot be excluded that future intervention on
the paintings may still reveal some surprises, and that new details can be highlighted, as
the restoration has always represented a privileged moment to increase knowledge of the
work. Since the painting had some dry finishings (original), which unfortunately have been
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lost, the future restoration will also help in their identification and in their differentiation
from the repaintings.
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Abstract: We present some results, obtained using a multi-scale approach, based on the employ-
ment of different and complementary techniques, i.e., Optical Microscopy (OM), Scanning Electron
Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-EDS), X-ray diffraction (XRD), Raman and
μ-Raman spectroscopy, Fourier transform infrared (FT-IR) spectroscopy equipped with Attenuated
Total Reflectance (ATR) analyses, Inductively Coupled Plasma–Mass Spectrometry (ICP-MS), and
Thermal Ionization Mass Spectrometry (TIMS), of an integrated activity focused on the characteriza-
tion of micro-fragments of original and previously restored paintings of the pictorial cycle at the San
Panfilo Church in Tornimparte, sampled from specific areas of interest. The study was aimed, on one
hand, at the identification of the overlapping restoration materials used during previous conservation
interventions (documented and not), and, on the other hand, at understanding the degradation
phenomena (current or previous) of the painted surfaces and the architectural structures. The study
of stratigraphy allowed us to evaluate the number of layers and the materials (pigments, minerals,
and varnishes) present in each layer. As the main result, the identification of blue, black, yellow, and
red pigments (both ancient and modern) was achieved. In the case of blue pigments, original (azurite
and lazurite) and retouching (Prussian blue and phthalo blue) materials were recognized, together
with alteration products (malachite and atacamite). Traces of yellow ochre were found in the yellow
areas, and carbon black in the blue and brown areas. In the latter, hematite and red ochre pigments
were also recognized. The obtained results are crucial to support the methodological choices during
the restoration intervention of the site, and help to ensure the compatibility principles of the materials
on which a correct conservative approach is based.

Keywords: San Panfilo Church; multi-scale approach; frescoes; pigments; degradation phenomena;
restoration

1. Introduction

The Italian Association of Archaeometry (AIAr) stipulated a Scientific Agreement
with the Regional Secretariat of the Ministry of Cultural Heritage and Activities and
Tourism for Abruzzo a few years ago. The initiative, launched in collaboration with the
Superintendency of Archaeology, Fine Arts and Landscape for the City of L’Aquila and the
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municipalities of the Crater, is aimed at the archaeometric study of an important cycle of
frescoes in the Church of San Panfilo in Tornimparte (AQ), created along the vault and the
perimeter walls of the apse by Saturnino Gatti (1491–1494), a pupil of Verrocchio, and his
collaborators [1]. The cycle of frescoes depicts stories from the life and passion of Christ. In
particular, in the middle of the vault, a colorful representation of Paradise is symbolized,
with the Eternal Father surrounded by Angels and the Blessed. In the arch above the
main altar, the Prophets, who foretold the coming of the Redeemer, are depicted, with the
Archangel Gabriel in the act of announcing the birth of the Son of God to the Virgin on the
sides. Around the apse, in five panels, the moments of the Redemption are reproduced
upon a basement of painted marble, i.e.: “Bacio di Giuda e la Cattura di Cristo”, “Flagellazione
e l’Incoronazione di Spine”, “Crocifissione”, “Compianto sul Cristo morto”, and “Resurrezione”.

The study intends to provide useful information from both a purely cognitive point
of view, as a deepening of the artistic technique of the painter and his collaborators, and
from a conservative point of view, in order to guide the methodological approaches for the
restoration intervention of the site, helping restorers in applying a conservative approach
that can guarantee reversibility and compatibility of the used materials [2–10].

The research project proposed by AIAr, by the title “Studio archeometrico del ciclo
pittorico di Saturnino Gatti e bottega presso la chiesa di San Panfilo in Villagrande di Tornim-
parte (AQ)”, shared and approved with the stipulation of the aforementioned Scientific
Agreement, foresees the achievement of the various objectives, including the composi-
tional characterization of the original and restoration materials in view of the identi-
fication of the executive technique, and the documentation and understanding of the
degradation phenomena, current or past, of the pictorial surfaces and the underlying
architectural structures [11–16].

With this aim in mind, the present paper reports the results of a joint investigation
focused on the multi-technique characterization of micro-fragments, taken from previously
selected areas, using Optical Microscopy (OM), Scanning Electron Microscopy-Energy
Dispersive X-ray Spectroscopy (SEM-EDS), X-ray diffraction (XRD), Raman and μ-Raman
spectroscopy, Fourier transform infrared (FT-IR) spectroscopy equipped with Attenuated
Total Reflectance (ATR) analyses, Inductively Coupled Plasma–Mass Spectrometry (ICP-
MS), and Thermal Ionization Mass Spectrometry (TIMS).

It is worth remarking that, other than supporting the planning of the restoration
intervention of the frescoes, these results will contribute to the promotion of this precious
cultural asset, still almost unknown from an archaeometric point of view.

This paper contributes to the Special Issue “Results of the II National Research project
of AIAr: archaeometric study of the frescoes by Saturnino Gatti and workshop at the church
of San Panfilo in Tornimparte (AQ, Italy)” in which the scientific results of the II National
Research Project conducted by members of the Italian Association of Archaeometry (AIAr)
are discussed and collected.

For in-depth details on the aims of the project, see the introduction of the
Special Issue [17].

2. Materials and Methods

2.1. Materials

A total of 15 micro-fragments were investigated, whose description and methods of
analysis are reported in Table 1, taken from different sampling areas, namely Panel A “Il
bacio di Giuda e la Cattura di Cristo”, Panel D “Compianto sul Cristo morto”, and Panel E
“Resurrezione” (see Figure 1).
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Table 1. List of investigated samples, together with the approximate size, sampling area, description,
and methods of analysis.

Sample Size (cm) Sampling Area Description Methods of Analysis

SG_18B 0.5 Panel A
Yellow-orange pictorial layer, whitish

preparation/priming sample taken along an
existing gap

Raman

SG_19 0.5 Panel A Detail of a leaf —Original area (green pictorial layer on
a brown-red layer taken up to white plaster support) OM, SEM-EDS, XRD

SG_20 0.5 Panel A Original area (blue pictorial layer on a brown-red
layer + fragments of plaster below) OM, SEM-EDS, XRD

SG_21A 0.6 Panel A
Blue pattern above the window—Original area (blue

pictorial layer on a brown-red layer + fragments of
plaster below)

OM, SEM-EDS, XRD

SG_22 0.6 Panel A

Sky, green pattern—Original area (green pictorial layer,
due to degradation of an originally light-blue layer,

on a red-brown layer (fragments of
underlying plaster)

OM, SEM-EDS, XRD

SG_23B 0.6 Panel A Sky—Area with drops and probable alterations
(light-blue pictorial layer) μ-Raman, FT-IR

SG_24 0.5 Panel A
Landscape, area contiguous to the

window—Brown-green pictorial layer + white
preparation/priming taken along a gap

Raman

SG_31 0.5 Panel A Blue pictorial layer + white preparation/priming and
sampling carried out in correspondence with a gap Raman

SG_25B 0.6 Panel D Sky, upper portion—Blue pictorial layer on a
brown-red layer + fragments of plaster below μ-Raman, FT-IR

SG_27B 0.5 Panel D Light-blue/yellow pictorial layer + white
preparation/priming Raman

SG_28B 0.6 Panel D Dark-green pictorial layer + plaster fragments. The
area also features glazed pictorial additions μ-Raman, FT-IR

SG_33 0.6 Panel E
Purple pictorial layer (area affected by protective
agents that make the surface shiny with a “wax”

effect) + plaster fragments
μ-Raman, FT-IR

SG_45B 0.5 Panel E
Detail of the drapery of the loincloth of the risen
Christ—White pictorial layer applied on an

underlying pictorial surface
ICP-MS, TIMS

2.2. Methods
2.2.1. OM Measurements

The stratigraphic study was carried out on polished cross sections of samples using
a ZEISS Axio Scope A1 microscope (Carl Zeiss, Jena, Germany), equipped with a video
camera, resolution of 5 megapixels, and image analysis software AxioVision (V1). The
analyses were carried out in reflected light (Reflected Light Microscopy, RLM).

2.2.2. SEM-EDS Measurements

The morphological and semi-quantitative microchemical analyses were performed
using a SEM-EDS electronic microscope (ZEISS EVO MA 15) (Carl Zeiss, Jena, Germany)
with a W-filament equipped with an analysis system in energy dispersion EDS/SDD, Ox-
ford Ultimax 40 (40 mm2 with resolution 127 eV @5.9 keV) (Oxford Instruments, Abingdon,
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UK) and the Aztec 5.0 SP1 software. The measurements were performed on carbon metal-
ized cross sections of the samples under the following operating conditions: accelerating
potential of 15 kV, 500 pA beam current, working distance between 9 and 8.5 mm; 20 s live
time as an acquisition rate useful for archiving at least 600,000 cts, on co-standard, and
process time 4 for point analyses; 500 μs pixel dwell time for recording 1024 × 768 pixel
resolution maps. The software for the microanalysis was Aztec 5.0 SP1 software, which
uses the XPP matrix correction scheme developed by Pouchou and Pichoir in 1991 [18].
This is a Phi-Rho-Z approach that employs exponentials to describe the shape of the ϕ(ρz)
curve. The XPP matrix correction was chosen because it works well in situations with
strong absorption, such as the analysis of light elements in a heavy matrix. The method
is a “standardless” quantitative analysis, using pre-purchased standard materials for the
calculations. The monitoring of constant analytical conditions (i.e., filament emission) is
archived with repeated analyses of a Co-metal standard.

 

Figure 1. Sampling areas for the investigated micro-fragments.

2.2.3. XRD Measurements

The semi-quantitative mineralogical analyses of the bulk samples were performed
using XRD with a Philips PW 1050/37 diffractometer (Philips, Almelo, The Netherlands)
and a Philips X’Pert PRO data acquisition and analysis system operating at 40 kV–20 mA,
with a Cu anode, a graphite monochromator, and a goniometry speed of 2◦/min in a scan
range between 5 and 70◦ ; the slits are 1-01-1 and the detection limit is 4%.

2.2.4. Raman and μ-Raman Measurements

The raman measurements were performed using a portable Madatech Raman, with
a wavelength of 785 nm, a max laser power of 350 mW, an optical-fiber-connected probe
head in backscattering geometry, and a Peltier cooled silicon CCD detector. The operative
window was 60–3200 cm−1 with a resolution of 4 cm−1; the typical acquisition power and
time were 30 mW and 30 s, respectively, on a spot of about 2 mm.
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The μ-Raman measurements were performed using a portable Raman ‘BTR 111 Mini
RamTM’ (Be&W TEK Inc., Newark, NJ, USA) spectrometer, by using an incident wave-
length of 785 nm (diode laser), a max laser power of 280 mW, and a Thermoelectic (CE)
Cooled 2048-pixel CCD detector. The 62–3153 cm−1 spectral range was investigated,
with a resolution of 10 cm−1, an acquisition power of 30 mW and an acquisition time of
10 s × 32 scans. The system was equipped with a BAC151B Raman microscope. The
80× objective, with a working distance of 1.25 mm and a laser beam spot size of 26 μm.

The identification of the peaks was obtained by comparing the experimental spectra
with those reported in various databases and the literature [19–22]

2.2.5. FT-IR Measurements

The FT-IR measurements were conducted using a Perkin Elmer Spectrum 100 spec-
trophotometer, in Attenuated Total Reflectance (ATR) mode, directly on the fragment under
examination, without any a priori preparation. The spectra were recorded at a resolution of
4 cm−1 between a 500 and 4000 cm−1 wavenumber range.

The identification of the peaks was achieved by comparing the experimental spectra
with those reported in various databases and in the literature [23,24].

2.2.6. ICP-MS Measurements

The elemental characterization and lead isotope measurement of the sample SG_45B,
which was supposed to be “lead white”, were performed at the mass spectrometer facility
at CHNet-LNGS [25] to study the provenance of the raw material used to produce the
pigment. The Inductively Coupled Plasma–Mass Spectrometer (ICP-MS) model 7500a
by Agilent Technologies was used for the qualitative elemental characterization. About
5 mg of the sample were dissolved in 5% solution of the nitric acid and properly diluted
before instrumental analysis. The concentrations were determined in Semi-quantitative
mode calibrating the instrumental response based on a single reference solution containing
10 ng·g−1 of Li, Y, Ce, and Tl in order to cover the whole mass range. The uncertainties
achieved operating in this mode are about 20% of the concentration value.

2.2.7. TIMS Measurements

The Thermal Ionization Mass Spectrometry (TIMS) is a suitable technique to measure
the lead isotope ratio of the sample. The multi-collector spectrometer Finnigan MAT 262
with hardware and software upgraded to TIBox by Spectromat-GmbH (Bremen, Germany)
was used [26]. The concentration of Pb measured in the sample using ICP-MS was about
450 mg·kg−1, so its extraction and purification using selective chromatographic resin
supplied by Triskem (Bruz, France) was mandatory. Next, 10 mL of the solution and 0.1 M
of ammonium oxalate, used to elute the lead from the resin, were evaporated and treated
in the oven at 300 ◦C for 3 h to remove the organic residual. Finally, the lead was recovered
using 25 μL of 1% nitric acid solution and then 5 μL were loaded on the “zone-refined”
rhenium filament for TIMS measurement.

3. Results and Discussion

3.1. Panel A “Il Bacio di Giuda e la Cattura di Cristo”

In the case of the SG_18B sample, the spectrum obtained from the yellow-orange area
(Figure 2) presents two structures, at ~1180 and ~1270 cm−1, that could be attributed to the
goethite of yellow ochre; the contribution of this mineral expected at ~440 cm−1 is probably
masked by the high value of fluorescence, mainly due to the binding media. Additionally,
the contribution of calcite, reasonably coming from the preparation layer, is visible.
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Figure 2. Raman spectrum collected on yellow-orange area of SG_18B sample.

The sample SG_19, collected from a green leaf (Figure 1), shows a four-layer stratig-
raphy (Figure 3): starting from the surface, we can observe a greenish layer (A) with a
thickness of about 25 μm, a blue layer (B), with the same thickness, related to the sky, a red
layer (C), and the substrate consisting of the mortar (D). The elemental analysis (SEM-EDS;
Table 2) shows the presence of abundant copper in the green and blue grains of the A and
B layers, which is due to the use of malachite and azurite pigments. The presence of large
amounts of calcium in layers A and B could indicate the use of a white pigment (Bianco
di San Giovanni?) to lighten the green and blue tones; layer C is made of red ochre film
(morellone) to protect the pigments from the alkaline effects of the mortar. The XRD analysis
of the selected green grains from this sample shows the presence of malachite, along with
traces of quartz (Table 3).

 

Figure 3. (a) Micrographs of SG_19 cross section obtained using OM, showing the four-layer stratig-
raphy; (b) SEM-EDS back-scattering electron image of the four layers.

The sequence of layers of the sample SG_20 (obtained from the base coat of the sky, see
Figure 1) consists of only three layers (Figure 4): a very thin (less than 20 μm) blue film (A),
a red layer (probably morellone) (B), and the mortar substrate (C). The SEM-EDS (Table 2)
investigation displays the use of azurite for the outer layer, taking into account the copper
content, and red ochre (morellone) for the second one. As well as in the sample SG_19, a
similar consideration about the presence of a high percentage of calcium in the blue layer
is necessary.
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Figure 4. (a) Micrographs of SG_20 cross section obtained using OM, showing the three-layer
stratigraphy; (b) SEM-EDS back-scattering electron image of the three layers.

As for the fragment SG_21A, taken from a blue wash above the window (Figure 1), the
observation under the light microscope shows two different shades of blue on the surface
(layers A and B), overlying a red layer (C), and the substrate of mortar (D) (Figure 5). The
blue layers differ in tonality. The first one (A) is lighter and contains black grains of small
size, while the second (B) displays a more intense blue tone and a coarser grain size. In
addition, the B layer is not continuous along the section, suggesting a loss of colour from
the original film in some areas, and supporting the presence of a secondary integration
with the lighter blue pigment belonging to layer A. The SEM-EDS analysis (Table 2) of
layer A detected the presence of iron and zinc, suggesting the use of a mixture of Prussian
blue and Zinc white. These materials clearly attest to the non-original nature of layer A,
allowing us to date the intervention to not before the second half of the XVIII century. The
punctual investigation of the black grains observed inside layer A revealed the presence of
calcium and phosphorus, due to the use of a bone black pigment, probably added to make
the tone of blue darker (too much light), making it uniform with coat B. The elemental
analysis confirms the use of azurite for the coarse blue grains of layer B and red ochre for
the morellone C layer.

 

Figure 5. (a) Micrographs of SG_21A cross section obtained using OM, showing the four-layer
stratigraphy; (b) SEM-EDS back-scattering electron image showing the four layers.

The SG_22 greenish fragment was collected from the sky background (Figure 1) that
was probably subjected to chromatic alteration. The cross section, observed under the
optical microscope, features three layers, including an altered green layer on the surface (A),
a thin red layer, probably morellone (B), and a substrate consisting of mortar (C) (Figure 6).
The SEM-EDS elemental analysis (Table 2) confirms the hypothesis of colour shading in the
surface pigment; indeed, copper and chlorine were detected on the A layer, in relation to
the formation of atacamite, a copper chloride (Cu2Cl(OH)3) and a degradation product of
azurite. The presence of iron in the red layer attests to the use of the morellone (B).
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Figure 6. (a) Micrographs of SG_22 cross section obtained using OM, showing the three-layer
stratigraphy; (b) SEM-EDS back-scattering electron image of the three layers.

Table 2. EDS analysis (weight %) of samples SG_19, SG_20, SG_21A, and SG_22 cross sections.

Sample ID P2O5 MgO Al2O3 SiO2 SO3 Cl K2O CaO FeO CuO ZnO

SG_19
Greenish layer - 3.58 1.89 12.33 3.83 - - 17.75 3.02 55.54 -

SG_19
Blue layer - 1.84 1.29 13.27 1.96 - 1.38 41.76 3.24 34.50 -

SG_20
Blue layer - 1.54 - 10.99 2.14 - 0.90 45.24 - 38.48 -

SG_21A
A blue layer - - 2.01 20.10 3.44 - - 5.70 2.06 7.49 58.43

SG_21A
A layer, black grains 29.93 - - - 3.04 - - 36.19 - - 30.13

SG_21A
B layer, blue grains - - - - - - - 1.06 - 98.94 -

SG_22
Greenish layer - 1.86 1.68 4.77 - 24.73 0.63 4.95 - 61.38 -

A supplementary fragment of the sample SG_22 was investigated using XRD
(Table 3). The analysis reveals and confirms the presence of atacamite, resulting from
azurite alteration under specific conditions; the presence of quartz, calcite, plagioclase,
mica, and chlorite are to be attributed to the composition of the mortar that polluted the
analysis of the pigment.

Table 3. XRD semi-quantitative results: XXX = high content; XX = medium content; X = low content;
tr = traces.

Sample ID Quartz Calcite Plagioclase Mica Malachite Chlorite Atacamite

SG_19 tr - - - XXX - -
SG_22 XX X X tr - tr tr

In the case of the SG_23B micro-fragment, the μ-Raman spectrum (Figure 7) collected
on a blue area shows the presence of lazurite, as a blue pigment, mixed with carbon
black (smoke black), calcite, and gypsum. Importantly, considering the specific historical–
geographical context and execution technique of the whole pictorial cycle, the presence of
gypsum can be considered as intentionally added by the painter as binding material for the
pigments. However, the existence of gypsum, resulting from environmentally activated
alteration processes that took place over time onto the topmost pictorial surface, cannot
be excluded.

86



Appl. Sci. 2023, 13, 6492

 
Figure 7. (a) Micro-photo of the analyzed blue area, (b) μ-Raman spectrum collected on the blue area
of SG_23B sample.

The FT-IR spectrum of this sample (Figure 8) clearly highlighted the presence of the
characteristic bands of calcite and gypsum. The band between ~890 cm−1 and ~1230 cm−1

is associated with silicates. No organic binders are observed.

Figure 8. FT-IR spectrum of SG_23B sample.

This experimental evidence is in agreement with the use of the “a fresco” technique for
the application of the pigment.

The spectrum (Figure 9) measured on the brown-green pictorial layer of SG_24 sample
shows the presence of carbon black, probably used to darken the used pigment, that does
not show any characteristic peak.
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Figure 9. Raman spectrum collected on SG_24 brown-green sample.

The SG_31 blue sample shows a Raman spectrum (Figure 10) with the characteristic
peak of calcite and those of carbon black. No marks of a blue pigment are visible.

Figure 10. Raman spectrum collected on SG_31 blue sample.

3.2. Panel D “Compianto sul Cristo Morto”

First, a Raman analysis was carried out on a red area (Figure 11a) of the SG_25B micro-
fragment, whose spectrum highlighted the presence of calcite and gypsum (Figure 11b).
No bands attributable to the pigment were observed. Furthermore, a Raman investigation
was carried out on a blue area (Figure 11c), whose spectrum (Figure 11d) allowed for
highlighting the presence of lazurite [27,28], as an azure pigment, mixed with phthalo
blue (synthetic inorganic pigment), in addition to the peak at 1086 cm−1 attributable to the
calcite plaster.
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Figure 11. (a) Micro-photo of the analyzed red area, (b) μ-Raman spectrum collected on the red area
of SG_25B sample, (c) micro-photo of the analyzed blue area, (d) μ-Raman spectrum collected on the
blue area of SG_25B sample.

The FT-IR spectrum of the SG_25B sample, reported in Figure 12, appears entirely
dominated by the vibrational contributions of calcite and gypsum. No organic binders
are observed.

Figure 12. FT-IR spectrum of SG_25B sample.

In the light-blue/yellow area of the SG_27B sample (Figure 13), the Raman spectrum
presents the peaks of calcite, and, again, the two structures of yellow ochre. No marks of
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a blue pigment, expected with 785 nm excitation laser in the region of 400–600 cm−1 for
lazurite or azurite, are visible, probably masked by the high fluorescence.

Figure 13. Raman spectrum collected on SG_27B light-blue/-yellow sample.

As regards the SG_28B sample, the μ-Raman observation highlights blue areas
(Figure 14a). The spectrum (Figure 14b) exhibits all the characteristic peaks of phthalo blue.

Figure 14. (a) Micro-photo of the analyzed blue area, (b) μ-Raman spectrum collected on the blue
area of SG_28B sample.

The FT-IR spectrum of this sample (Figure 15), in addition to the usual contribu-
tions from calcite, highlighted the presence of the broadband between ~890 cm−1 and
~1230 cm−1 associated with the presence of silicates, together with the contributions at
~1633 cm−1 (HOH bending) and the broad band centered at ~3300 cm−1 (OH stretching),
which is indicative of the presence of clayey minerals. No organic binders are observed.
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Figure 15. FT-IR spectrum of SG_28B sample.

3.3. Panel E “Resurrezione”

As far as the SG_33 micro-fragment is concerned, the brown area analyzed using
μ-Raman (Figure 16) allowed for highlighting all the characteristic peaks of hematite, as a
red pigment, mixed with carbon black, as well as calcite from the base.

 
Figure 16. (a) Micro-photo of the analyzed brown area, (b) μ-Raman spectrum collected on the brown
area of SG_33 sample.

The FT-IR spectrum (Figure 17) clearly revealed the presence of the typical vibrational
bands of calcite.
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Figure 17. FT-IR spectrum of SG_33 sample.

Again, the broad band between ~890 cm−1 and ~1230 cm−1 associated with the
presence of silicates appears evident. Within it, the peaks at ~910 cm−1, ~1032 cm−1, and
~1096 cm−1, which can be associated to silicates, probably present in red ocher [29], can be
distinguished. Finally, the band at ~1633 cm−1 and the broad band centered at ~3300 cm−1,
attributed to the OH groups, are indicative of the presence of clayey minerals. No organic
binders are observed.

The elemental composition of the sample SG_45B was investigated using ICP-MS. The
concentrations of the main detected elements are reported in Table 4.

Table 4. Elemental composition of the sample measured using ICP-MS. The uncertainties are 20% of
the concentration values.

Sample ID Element Concentration [mg·kg−1] Concentration [%]

SG_45B

Na 265 0.03
Mg 2100 0.2
Ca 62,000 6.2
Fe 1000 0.1
Cu 74 0.007
Zn 520 0.05
Ba 1000 0.1
Pb 450 0.045

The Pb contained in the sample constitutes a very small mass fraction (0.045%), so the
analyzed material cannot be correctly identified using the “lead white” pigment, commonly
used in these studies, which contains about 80% of lead. Even if the results allow for a
partial identification of the sample, the most abundant compounds seem to be calcium
based, such as gypsum or calcite.

The doubtful origin of the lead poses a basic uncertainty to study the provenance of
the raw material used in the pictorial layer. Moreover, the availability of a single sample
introduces uncertainty about the overall representativeness of the entire painting.

The lead isotope composition measured in the sample is quite rare due to the rela-
tively high value of Pb207/206 and Pb208/206 ratio. Table 5 compares the isotopic ratios
measured for SG_45B and those for some mining sites in the South of France that have the
closest lead isotope signature related to the sample.
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Table 5. Comparison between the lead isotope ratio of SG_45B sample with closest lead mines present
in the database.

Sample 207Pb/206Pb 208Pb/206Pb 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb

SG45B 0.8529 ± 0.0003 2.0900 ± 0.0007 18.26 ± 0.03 15.57 ± 0.03 38.16 ± 0.07

Férols, Montgaillard (France) 0.8525 2.0903 18.33 15.63 38.32

Lastours, Montagne Noire (France) 0.8535 2.0910 18.36 15.67 38.39

Cevennes, Massif Central (France) 0.8519 2.0915 18.36 15.64 38.40

In particular, the Férols mine, located in the region of present-day New Aquitaine,
shows reasonable compatibility considering the limits discussed above.

4. Conclusions

In the present study, a multi-scale approach involving Optical Microscopy (OM),
Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-EDS), X-ray
diffraction (XRD), Raman and μ-Raman spectroscopy, Fourier transform infrared (FT-IR)
spectroscopy equipped with Attenuated Total Reflectance (ATR) analyses, Inductively
Coupled Plasma–Mass Spectrometry (ICP-MS), and Thermal Ionization Mass Spectrometry
(TIMS) was employed in order to characterize, in the framework of the A.I.Ar. Research
project “Studio archeometrico del ciclo pittorico di Saturnino Gatti e bottega presso la chiesa di
San Panfilo in Villagrande di Tornimparte (AQ)”, the micro-fragments of the paintings of
the pictorial cycle at the San Panfilo Church in Tornimparte, sampled from specific areas
of interest.

Such a combined approach allowed us to successfully characterize, both at the ele-
mental and molecular scales, the composition of the materials used by the artist in terms
of preparatory components and pigmenting agents, furnishing novel insights into the
execution technique of the master, the color palette, and the occurrence of nondocumented
restoration treatments. Moreover, the analysis of the sample stratigraphy permitted a
proper evaluation of the number of layers, together with the materials present in each of
them. In this context, the measurements allowed us to confirm, among other aspects, the
presence of both ancient and modern pigments, together with alteration products onto the
pictorial surfaces of the cycle of frescoes.

It is worth noting that the whole set of results, obtained by the employment of a multi-
scale approach involving different spatial regimes, represents an essential pre-requisite in
view of the optimization of the latest restoration procedures and for the accurate selection,
by restorers and conservators, of the protection and best-cleaning strategies to be applied.
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Abstract: This study presents the petrographic and chemical characterization of the frescoes in the
Church of San Panfilo in Tornimparte (AQ, Italy) by Saturnino Gatti, a prominent painter of the
late 15th–early 16th century, known for his exquisite technique, composition, and use of color. The
characterization of the frescoes is essential for understanding the materials and techniques used by
Gatti, as well as for identifying the stratigraphy and painting phases. Eighteen samples were collected
from the original paint layers, later additions (17th century), and restored surfaces, and analyzed
by optical microscopy, cathodoluminescence microscopy, scanning electron microscopy (SEM-EDS),
μ-Raman, and electron paramagnetic resonance (EPR). The analyses revealed a microstratigraphy
often made of three main layers: (1) preparation, consisting of lime plaster and sand; (2) pigmented
lime, applied by the fresco technique; and (3) additional pigmented layer on the surface. The most
often recurring pigments are black, red, yellow (all generally linked with the fresco technique), and
blue (applied “a secco”). The presence of two painting phases was also noted in one sample, probably
resulting from a rethinking or restoration. These findings contribute to the understanding of the
history and past restoration works of this cultural heritage site, providing important insights not only
for conservators and restorers, but also for a broader understanding of Italian fresco painting and art
history of the late 15th and early 16th centuries.

Keywords: lime plaster; fresco painting; pigments; paint stratigraphy; mineralogy; petrography;
SEM-EDS; Raman; EPR; Tornimparte

1. Introduction

The Italian painter Saturnino Gatti was known for his exceptional technique, com-
position, and use of color in his frescoes during the late 15th and early 16th centuries [1].
The Church of San Panfilo in Villagrande di Tornimparte (AQ, central Italy) is home to a
significant example of his work, which is of considerable importance in the context of Italian
cultural heritage [2]. The church is located in an area hit by the catastrophic earthquake of
L’Aquila in 2009, but did not suffer any serious damage, contrary to many other buildings
of historical and cultural significance. Studying the building, along with the artworks
contained in it, will aid in its conservation and restoration [3,4].

Thanks to modern technologies, the characterization and reconstruction of altered
or damaged painted surfaces can be achieved in various ways, ranging from techniques
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for the restitution of morphology and color [5,6] to mineralogical–petrographic and chem-
ical characterization techniques [7–9], frequently with non-destructive [10,11] and non-
invasive [12–18] methodologies.

The study of the pictorial cycle in the Church of San Panfilo was conducted through a
petrographic, mineralogical, and chemical approach. The investigation aimed to identify
the stratigraphy, microstructure, and composition of the plasters [19], paint layers [20], and
painting techniques [7,21,22]. The study also explored the presence of compounds possibly
related to the alteration processes of the frescoes and their components [23]. The analyses
may provide useful indications for a comprehensive understanding of the artistic technique
of Saturnino Gatti and the conservation of the frescoes. The upcoming restoration of the
church will be based on the principles of reversibility, compatibility, and durability. In
this context, a multi-analytical approach, as demonstrated by Bersani et al. [24], Romani
et al. [25], and Alberghina et al. [26], is extremely effective in providing information, from
the macro to the micro domain [27], not only on pigments but also on specific binders (such
as egg whites, oils, and resins) and alteration patinas [28]. The combination of this infor-
mation can guide the restorer in the decision and implementation of specifically targeted
conservation practices, useful for restoring the condition and readability of the artwork
in case of ordinary and extraordinary maintenance [29–31], even with bioremediation
techniques [32].

This paper is part of the Special Issue “Results of the II National Research Project
of AIAr: archaeometric study of the frescoes by Saturnino Gatti and workshop at the
Church of San Panfilo in Tornimparte (AQ, Italy)” [33], which presents the scientific results
of the II National Research Project conducted by members of the Italian Association of
Archaeometry (AIAr). The aim of the project was to conduct an in-depth study of the
frescoes by Saturnino Gatti and his workshop, with the objective of contributing to a
broader understanding of Italian fresco painting and art history of the late 15th and early
16th centuries. For a more detailed overview of the project’s objectives, the readers can
refer to the introduction of the Special Issue [33].

2. Materials and Methods

2.1. Sampling

The sampling campaign was carried out on 1 March 2021, under the supervision of the
officials of Soprintendenza Archeologia, Belle Arti e Paesaggio for the provinces of L’Aquila
and Teramo. A total of 18 out of 47 samples collected from the paint layers and plasters of
the frescoes were analyzed by this research group. Table 1 shows their original location and
brief description. Some consist of multiple specimens; in that case, the alphanumerical ID is
associated with a letter with alphabetical progression. The sampling areas considered here
are the following (Figure 1): Panel A (The Kiss of Judas and the Capture of Christ); Panel
B (Flagellation and Crowning with Thorns/Christ at the Column—a depiction that was
extensively reworked, probably during the 17th century); Panel C (central wall of the apse
with a window opened in 1926; originally, the Crucifixion was depicted there, a fragment
of which still remains); Panel D (Lamentation over the Dead Christ); Panel E (Resurrection);
and Vault (God the Father in Glory among angels and saints).
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Figure 1. Sampling spots with associated sample ID.
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Table 1. Source and macroscopic features of the analyzed samples (the question marks indicate
doubtful interpretations requiring in-depth validation). The analytical techniques applied for each
sample (“t.s.” = thin section; “f.” = fragment with no prior preparation) are also specified (details
follow in Section 2.2).

Sample Panel Description Investigation Technique

SG9A A Plaster with pale ochre paint OM, SEM-EDS (t.s.)
SG9B A Plaster with pale ochre paint and decay products (?) OM, SEM-EDS (t.s.)
SG10 A Plaster with violaceous paint OM, SEM-EDS (t.s.)
SG11 B Plaster with dark-brown paint OM, SEM-EDS (t.s.)
SG12 B Plaster with blue–gray paint and makeover (?) OM, SEM-EDS (t.s.)
SG13 C Plaster with white paint OM, SEM-EDS (t.s.)
SG14 E Plaster with dark paint and protective coating (?) OM, SEM-EDS (t.s.)
SG15 E Plaster with blue layer OM, SEM-EDS (t.s.)
SG16 A Pale-green paint and plaster (reworked area?) OM, CL, SEM-EDS, μ-Raman (t.s.)
SG17 A Porphyry-like paint and plaster OM, CL, SEM-EDS, μ-Raman (t.s.)

SG23A A Plaster OM, CL, SEM-EDS, μ-Raman (t.s.)

SG25 D Pale-blue paint on a red–brown layer (morellone?) and
plaster OM, CL, SEM-EDS, μ-Raman (t.s.)

SG35 D/E Green layer EPR (f.)
SG36 D/E Light-blue layer EPR (f.)

SG39B Vault Blue paint on a red–brown layer (morellone?) and plaster OM, CL, SEM-EDS, μ-Raman (t.s.)
SG40 Vault Filling mortar OM, CL, SEM-EDS, μ-Raman (t.s.)
SG46 C Plaster with remains of a brown preparation layer OM, CL, SEM-EDS, μ-Raman (t.s.)
SG47 A Plaster with remains of a brown preparation layer OM, CL, SEM-EDS, μ-Raman (t.s.)

2.2. Methods

In Table 1, the analytical methods applied to the samples are reported for identifying
the stratigraphy and petrographic characteristics of the plaster, the composition of the
binder, the pigments, and the alteration products.

Cross-sections for the microstratigraphic analysis were prepared from sixteen samples
(SG9A, SG9B, SG10, SG11, SG12, SG13, SG14, SG15, SG16, SG17, SG23A, SG25, SG39B,
SG40, SG46, SG47) at the Department of Earth Sciences at the University of Pisa. The
observation of the thin sections was performed using a ZEISS AxioPlan polarized light
microscope (OM). For the preparation of the cross-sections, the samples were first observed
under a ZEISS STEMI 305 stereo microscope in order to decide the position and direction
of the cut and highlight all the layers of the samples, from the surface to the deepest part.

A first set of eight samples (SG9A-B, SG10, SG11, SG12, SG13, SG14, SG15) was
investigated at the Department of Geo–environmental and Earth Sciences of the University
of Bari Aldo Moro, with the following instrumentation and analytical conditions.

Scanning electron microscope (SEM) observations were made on thin sections, previ-
ously fixed on aluminum specimen holders and coated with graphite. An SEM EVO-50XVP
(LEO), equipped with an Oxford Instruments AZTEC EDS microanalysis system with SD
X-MaxN detector (80 mm2), was used. The accuracy of the analytical data was verified
using various standards produced by Micro-Analysis Consultants Ltd. (St. Ives, UK).
The working voltage was 15 kV and the beam current between 250 and 400 pA. Spectra
acquisitions lasted 50 s, with counts ranging from 25,000 to 30,000. Chemical maps were
acquired with a dwell time of 100 μs, counting time of 10 min, and a resolution of 2048.

A second set of ten samples was analyzed at the University of Padova, eight at the
Department of Geosciences (SG16, SG17, SG23A, SG25, SG39B, SG40, SG46, and SG47), and
two, without any preliminary preparation, at the Department of Chemical Sciences (SG35
and SG36).
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The samples investigated at the Department of Geosciences were prepared as pol-
ished stratigraphic thin sections and analyzed by cathodoluminescence microscopy (CL),
μ-Raman, and SEM after C coating. The CL analyses were performed with an optical
microscope Nikon Labphot2 Pol (with long-working-distance objectives providing 4×,
10×, and 40× magnification) equipped with a CCL (Cold Cathode Luminescence) 8200
mk3; in standard analytical conditions, voltage is 20 kV and beam current is about 200
μA. For the μ-Raman analyses, the microscope used was a Raman Thermo Scientific DXR
with 532 nm laser, 50× long-working-distance objective, 3 mW power, 25 μm pinhole, and
frequency range between 100 and 3500 cm−1. The SEM analyses were performed with a
microscope CamScan MX2500 with W source, detector of secondary and back-scattered
electrons, and EDAX EDS (energy-dispersive spectroscopy) microanalysis; the analytical
conditions were 25 kV voltage and 15 to 25 mm working distance.

The samples investigated at the Department of Chemical Sciences were analyzed by
X-Band CW-EPR spectroscopy. The fragments were placed in a quartz tube as sample
holder (3 mm inner diameter, 4 mm outer diameter) and examined at room temperature
with a Bruker ECS106 instrument, equipped with a TE102 cavity. Spectra were acquired
with 10 scan, modulation amplitude of 0.5 mT, field sweep of 160 mT, and center field of
320 mT. Microwave power was set to 20 mW and microwave frequency was 9.538 GHz.
A short μ-Raman characterization of the back and front of the two samples was carried
out using a Renishaw InVia Spectrometer with laser at 514 nm, objectives 10× or 20×, 10 s
integration time, 50% total output power.

3. Results

3.1. Petrography (OM, CL)

The photomicrographs of all the thin sections analyzed are included in Figures 2 and 3.
The preparation layer of the painted surface appears to be made up, in all the samples
analyzed, of a lime and sand plaster, on which is superimposed a layer of lime, probably
applied “a fresco”, pigmented with yellow and red ochres. In the case of red ochres, these
are always associated with the presence of C black, while this association is sporadic in
yellow ochres. The pigmented layer has a thickness between 7 and 30 μm in all samples
except for sample SG11, where it exceeds 75 μm. From the analyzed cross-sections, the
primary color application is carried out with red and yellow ochre also containing a C black
pigment. This draft was given with the fresco technique. Subsequently, other colored layers
were added (green, yellow, blue, and white), in which the use of a “tempera” technique
is likely.

Sample SG40 bears witness to a phase of remaking/rethinking where the previous
draft with a very thin layer of red ochre and C black is at the base, which is superimposed
on a thin layer pigmented in blue and is covered with a plaster free of aggregate on which
there is a new color draft with yellow ochres. Inside the intonachino that separates the two
phases, there are some granules of a blue pigment and red ochre.

The CL analyses supported the previous observations by providing elements for
characterizing the plaster substrates and discriminating the composition of binder and
aggregate based on the characteristic luminescence of the different minerals. The observa-
tions pointed out that the plaster is generally composed of a lime binder with aggregates of
quartz, alkali–feldspars, and plagioclases in various proportions, with minor amounts of
carbonate minerals. The aggregate is, in most cases, moderately to poorly sorted.
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Figure 2. Microphotographs of thin sections of the samples SG9a, SG9b, SG10, SG11, SG12, SG13,
SG14, and SG15. The capital letters “A”, “B”, and “C” indicate the different layers visible in cross-
section, with “A” being the innermost (the plaster) and the others (mostly pigmented) ordered by
decreasing depth.
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Figure 3. Microphotographs of thin sections of the samples SG16, SG17, SG23a, SG25, SG39b, SG40,
SG46, and SG47. The capital letters “A”, “B”, “C”, “D”, “E”, and “F” indicate the different layers
visible in cross-section, with “A” being the innermost (the plaster) and the others (mostly pigmented)
ordered by decreasing depth. Sample SG40 shows a break between the layers consisting of highly
purified plaster (E) in which remnants of a blue pigment can be seen (indicated by the red arrow),
probably due to the use of a dirty brush or the mixing of pigments from the underlying layer (D).

3.2. SEM-EDS and μ-Raman

The paint layers of the three samples from Panel A (SG16, SG17, and SG47) share the
same main pigment, that is, ochre, either red (hematite) and/or yellow (goethite), applied
on the plaster “a fresco”. This is suggested by the absence of microstructural discontinuities
between the plaster and the paint traces. Generally, the ochres are mixed with fine particles
of C black. The stratigraphy of sample SG16 is worthy of further remarks since it is the
only one showing “a secco” layers, with additional pigments applied on the dry plaster
(Figure 4): one green–blue middle layer made of malachite and one yellow–brown surface
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layer probably composed of Cr yellow (because of the detection of Pb chromate grains);
this last identification, however, needs to be taken with reservation. Finally, the SEM-EDS
analyses of sample SG47 also highlighted the presence of gypsum particles and several
surface irregularities and detachments.

 

Figure 4. Sample SG16: SEM-BSE image with associated SEM-EDS spectra from the spots indicated,
and μ−Raman spectra calculated on two different paint layers (actual analyses in red, reference
spectra from mineral databases in blue and pink).
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The SEM-EDS analysis revealed similar microstructural and compositional charac-
teristics for samples SG9A and SG9B. The samples are layered, with an air lime-based
arenaceous plaster (A) on which two paint layers (B, ca. 20 μm; C, ca. 8 μm) are visible
(Figure 5). A detachment is observed between layers B and C. Layer B is more compact
than C and both are air lime-based. The EDS microanalysis of the small areas of the painted
layers reports the presence of iron oxyhydroxides in layer B, and calcium phosphate (bone
black), zinc oxide, and iron oxyhydroxides as pigments in layer C. The compositional
traverse in Figure 5 shows the gradual diffusion of phosphorus in the underlying layer,
confirming the hypothesis of an “a fresco” painting. The correlation between K, Al, Si,
and Fe in layer C might indicate the presence of red bolus [34]. S is due to the presence
of gypsum.

Additionally, in SG10, two lime-based layers are visible. Layer B is ca. 20 μm thick and
pigmented with hematite. On layer B, an additional pigmented layer (C) partially detached
from the previous was recognized, with a thickness of less than 10 μm (Figure 6).

The two samples of Panel B (SG11 and SG12) show two painted layers applied on an
air lime-based arenaceous plaster (A). In SG11, layer B can be distinguished by its content
of calcium phosphate, zinc oxide, red ochre, and gypsum. Replicated measurements on
two other detail areas on layers B and C of the same fragment provided similar data. The
binder in layer C is probably of organic origin.

Sample SG12 is layered, with an air lime-based arenaceous plaster (A) on which a B
layer is visible in adhesion and a laterally discontinuous C layer. The presence of Mn in the
Fe-rich particles in layer B may indicate the use of Sienna, whereas layer C is a lime paint
with red ochre. Some gypsum was also identified in this last layer.

In Panel C, SG13 is stratified, with an arenaceous lime plaster (A) on which there are
two painted layers. Layer B has a gradual stratigraphic contact with A and sharp contact
with C. The EDS chemical mapping shows a high P content in layer C due to some calcium
phosphate. Ochre is present in both layer B and layer C.

The painted surface of sample SG46 is also composed of ochre; in this case, how-
ever, the yellow ochre (goethite) and red ochre (hematite) are not mixed, with the former
composing the “a fresco” bottom layer, and the latter, the upper “a secco” layer, also in-
cluding scattered C black particles. The upper layer also recorded SEM signals of S and Cl.
From a microstructural point of view, the sample shows a distinct surface microcracking,
with fractures expanding across the paint layers or partially separating them from the
plaster substrate.

The sample from Panel D (SG25) again has red ochre (hematite with some parts of
magnetite) as the pigment originally used for the “a fresco” layer. The upper layer, probably
applied “a secco”, is blue and made of a combination of ultramarine and Ti white, suggested
by the detection of the phases lazurite and rutile; some broad Raman peaks (from about
1300 to 1500 cm−1) also point out the presence of organic matter. The SEM microanalyses
also revealed the presence of baryte. Finally, another layer, differently oriented in respect to
the others (that is, not observed on the surface but sinking into the plaster), is formed of
S and Ca (gypsum?) and covers an inner thin red film; although this has the same color
as the red ochre layer and is also in direct contact with the substrate, its composition is
slightly different, with frequent SEM-EDS signals of Fe, Pb, and Ba from baryte.

SG14 and SG15 were sampled from Panel E. In the first case, layer B is present
discontinuously on layer A. The stratigraphic contact is sharp, with complex geometry.
The binder of the plaster (A) is air lime. Chemical mapping reveals the presence of Ca
phosphate, Zn oxide, and ochre (Figure 7). In the second case, layer B identified by optical
microscopy shows no clear separation from layer A. There, Fe enrichment and carbonaceous
inclusions are detected. The outer surface of B also shows the presence of gypsum. Layer C
is poorly preserved and consists of gypsum and calcite.
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Figure 5. SG9A, SEM-BSE image (bottom) of the outer portion of the sample (plaster layer “A” and
paint layers “B” and “C”) and the EDS traverse across the identified layers (top). The intensities of
the K and L lines of the elements in the legend are normalized to better detect lateral variation in the
painted layers.
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Figure 6. SG10, SEM-BSE image of the outer portion of the sample (plaster layer “A” and paint layers
“B” and “C”). Light grey tabular fragments of hematite (Hem) occur as pigment in layer B.

 

Figure 7. SG14, SEM-BSE image of the outer portion of the sample and related EDS maps of Zn, Fe,
and P.
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The sample from Panel “sky” (SG23A) is a non-painted plaster fragment.
The samples from the vault (SG39B and SG40) are the most complex compositionally,

considering their stratigraphy composed of six layers. Sample SG39B has four different
paint layers above the plaster substrate: the first and deepest, applied “a fresco”, is made
of red ochre (hematite with magnetite); the second, applied “a secco”, is blue and made of
azurite (with traces of Zn and As)—it is detectable only in a very small area and never on
the exposed surface; the third, more continuous but almost colorless, has an ambiguous
composition, enriched in gypsum (from the SEM signals of S and Ca) and resins or organic
polymers (from the μ-Raman spectra); finally, the fourth, the most superficial, covers the
entire surface and is blue and composed of ultramarine (lazurite), with traces of Pb particles
(pointing out the possible mix of ultramarine with Pb white) and Ba (probably baryte)
(Figure 8). With regard to sample SG40, this is formed by two main stratigraphic domains.
The first has a sequence of three layers overlying the plaster substrate: from bottom to
top, one red “a fresco” film composed of cinnabar, one layer rich in gypsum and resins or
organic polymers, and one blue “a secco” layer with ultramarine (lazurite) mixed with Pb
white (basic Pb carbonate) with baryte traces. The second overlaying stratigraphic domain
consists of an additional lime plaster layer (much more porous and with nearly just lime,
without the silicate aggregate) and one final yellow–brown paint film made of yellow ochre
(goethite) mixed with C black grains, applied “a fresco” on the surface. The surface also
records the presence of gypsum.

3.3. EPR

CW-EPR was applied on two small fragments (SG35 and SG36) to evaluate if this
technique could provide further information on specific aspects of the samples; EPR is able
to spot paramagnetic defects (color centers, radicals) or paramagnetic metals (Cu2+, Mn2+,
Fe3+), which are commonly present in many pigments and materials as substitutional ions.
EPR is a bulk technique, so the whole sample is examined and specific pieces of information
related to the different painted layers are not accessible.

A preliminary overview of the two fragments, front and back, was conducted using
optical microscopy and Raman spectroscopy.

The SG35 front (Figure 9) is characterized by a layer with small blue grains on a
yellow background giving a green hue. Some bigger blue grains can be spotted, which
Raman identifies unambiguously as azurite. On the back, pale green crystals are present,
which Raman identifies likely as a combination of brochantite (basic copper sulfate) and
atacamite (basic copper chloride), which are likely alteration by-products from an original
copper-based pigment. Two unidentified peaks at 444 and 1475 cm−1 suggest the presence
of some other compound.

The EPR spectrum of SG35 (Figure 10) is characterized by a sharp signal, whose
g-factor (g = 2.0035) is related to a C radical, likely a radical in C black. A six-line pattern is
also observed, attributable to Mn2+ in Ca carbonate, and a signal at g~2.06, with linewidth
Hpp = 4.3 mT can be attributed to Cu2+ in some compounds deriving from the alteration of
a copper-based pigment. In azurite, brochantite, and atacamite (the copper-based pigments
detected by Raman), the Cu2+ ions are either antiferromagnetically coupled or have very
broad EPR lines; therefore, the g~2.06 signal is unlikely to be related to these latter and
could be attributed to some complex of copper with an organic compound.
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Figure 8. Sample SG39B: SEM-BSE image with associated SEM-EDS spectra from the spots indicated,
and μ-Raman spectra calculated on two different paint layers (actual analyses in red, reference spectra
from mineral databases in blue).
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Figure 9. Above: SG35 front (left) and back (right). Below: SG36 front (left) and back (right).

Figure 10. Left: EPR of SG35. Red asterisk marks the sharp signal of a C radical; blue arrows mark
the sextet of Mn2+; the red circle highlights the signal of Cu2+. Right: EPR of SG36. Red arrow marks
a C radical; blue arrows mark the sextet of Mn2+.

The SG36 front is uniformly covered by blue grains, which Raman identifies again as
azurite. The SG36 back is yellow–red on a white background; only peaks due to calcium
carbonate are observed in the Raman spectrum.

In the EPR spectrum of sample SG36, no Cu2+ signal is observed, while a strong Mn2+

six-line pattern is seen, again attributable to manganese in Ca carbonate. The signal is
stronger than in SG35. The C black radical signal is also seen, although weaker than in SG35.
Both SG35 and SG36 present a broad background signal attributable to iron oxyhydroxides.

110



Appl. Sci. 2023, 13, 7223

4. Discussion

4.1. Stratigraphy: Original and Successive Interventions

The samples analyzed showed stratigraphic and compositional similarities, summa-
rized in Table 2. A common substratum of lime plaster with similar composition was
identified in all the samples. The paint layers show a more or less complex stratification
according to the pictorial intention of the artist and the further restorations.

Table 2. Summary of the results obtained. The question marks indicate doubtful interpretations
requiring in-depth validation. Pigments of past restorations are reported in italics.

Sample Layer A (Plaster) Layer B Layer C Layer D Layer E Layer F

SG9A

Air lime with
quartz,

alkali–feldspars,
and plagioclases,
micas with minor

carbonates as
aggregate

red bolus bone black / / /

SG9B red bolus bone black, red bolus,
ZnO / / /

SG10 hematite, C black red bolus, ZnO / / /

SG11 bone black, red ochre,
ZnO organic? / / /

SG12 C black, sienna / / / /
SG13 C black, ochre bone black, ochre / / /

SG14 bone black + ochre +
ZnO / / / /

SG15 C black + ochre / / / /

SG16 yellow ochre + C
black malachite Cr yellow? / /

SG17 red ochre + C black / / / /
SG23A / / / / /

SG25 red ochre ultramarine + Ti
white / / /

SG35 azurite 1 / / /
SG36 azurite / / /

SG39B red ochre azurite resins/org.
polymers?

ultramarine +
Pb white /

SG40 cinnabar resins/org.
polymers?

ultramarine +
Pb white lime plaster yellow ochre

+ C black
SG46 yellow ochre red ochre + C black / / /

SG47 yellow ochre + C
black red ochre / / /

1 Altered in brochantite/atacamite.

The stratigraphy shows a combination of “a fresco” and “a secco” techniques [35,36]
in almost all the samples, as supported by the thickness of the layers and carbonation of
the surfaces [37,38]. Further details about the technology are reported in Section 4.2. Most
of the samples show traces of past restoration (Table 2), as also observed by other authors
in different samples of the same panels [39–42].

Other compounds not relatable to actual pigments or dyes are the resins and organic
polymers often detected in thick layers on the surface of the samples. These may trace back
to finishing touches or restoration works [43].

4.2. Lime Plasters: Raw Materials and Technological Aspects

The plasters (layer A) are classifiable as air lime (CaO > 97 wt. %) mortars with an
arenaceous texture. The absence of calcination relics and slacking nodules points to an
accurate preparation of the lime putty. The aggregate consists of mono- and polycrystalline
quartz, alkali–feldspars, plagioclases, micas, Fe aggregates, and minor carbonates. The
texture is unimodal to seriate, mainly in the range of fine sand. These petrographic
features point to fluvial fine sand (Torrente Raio?) used as aggregate (Figures 2 and 3)
and are compatible with the siliciclastic composition of the turbiditic complex in the area
of Tornimparte [44]. The lime/aggregate ratio of about 1:1 allowed workability and a
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smoother and denser plaster. Contrary to what is reported in various medieval treatises,
the plaster intended to receive the color does not contain marble or spathic calcite powder
as part of the aggregate [45].

4.3. Pigments, Binders, and Painting Techniques

Red and yellow ochres were found as the main pigments in the deeper pictorial layers
in most samples (layers B, C: samples SG9-SG15, SG16, SG17, SG25, SG39B, SG46, and
SG47). These layers were likely applied “a fresco”, as indicated by the analysis of the SG16
sample. C black was also detected in many of these inner layers. External pictorial layers (C,
D) often presented more recent pigments of different colors, sometimes applied “a secco”.
For example, malachite and maybe Pb chromate were detected in SG16, ultramarine and Ti
white in SG25, ultramarine and azurite in SG39B, and ultramarine and Pb white in SG40.
In many samples, the occurrence of Ca sulfate, likely an alteration product, was inferred by
the presence of S and Ca in the SEM-EDS analysis (Section 4.3). In addition, the presence
of polymeric organic compounds was supposed by the Raman analyses in two samples
(SG40, SG25). It is worth noting that SG9 and SG10 have a layer containing Ca phosphate
(bone black) and Zn oxide present as probable materials from later interventions. In SG35,
the EPR analysis detects signals due to C black radicals and copper alteration products; in
SG36, the EPR signal was detected due to Mn (II) in Ca carbonate.

The frequent presence of ochre and C black in fresco layers may be attributed to the
primary design made with only red and yellow ochre (e.g., sample SG47), to which layers
of other colors are superimposed (blue, green, yellow, black, and white), made with an “a
secco” technique. In particular, the use of C black is typical for the dusting technique, for
the realization of the sketch of the drawing, or to darken the hue of other colors.

Some microchemical characteristics observed on the stratigraphic thin sections allow
for making hypotheses on Saturnino Gatti’s preferred painting technique when working
on his frescoes in Tornimparte. For example, the identification of frequent “a secco” layers,
evident from the lack of blending between pigment grains and plaster and the presence
of sharp but plain discontinuities, points out a two-step working technique, with the
artist tending to apply color corrections on the dry plaster. In others (e.g., sample SG39B),
pigment traces localized only in specific areas or covered by further, different paint films,
may point out mistakes or reworks, or even second thoughts on the pigment choice—as for
azurite, detected only in such contexts.

4.4. Alteration and Decay

The most recurring phase linked to the alteration of the painted walls is gypsum (e.g.,
samples SG25, SG39B, SG40, SG46, SG47, etc.). Minor traces of baryte and chlorides were
also detected. Those alteration products may be frequently associated with surface microc-
racking and disintegration because of cyclic processes of salt weathering: the secondary
phases crystallize and dissolve below and within the paint films, produce subflorescences,
and exert localized pressures and mechanical stresses.

The EPR spectra acquired on two samples, SG35 and SG36, indicate that the tech-
nique could be useful in the identification of copper alteration by-products, deriving from
chemical interaction between Cu2+ and organic binders (e.g., in the “a secco” azurite lay-
ers). Additionally, C radicals could be spotted. These products can have a role in fresco
degradation, and therefore, their identification has some interest.

5. Conclusions

The petrographic and chemical analysis of a selection of samples from the Church of
San Panfilo revealed some significant information about the technology and past restora-
tions of Gatti’s frescoes. Summing up, all the samples are characterized by a base layer of
plaster and up to five pictorial layers. The layers containing ochres, raw sienna, C black,
and cinnabar are related to the original fresco. The pigments associated with additions or
past restorations are red bolus, bone black, ZnO, ochre, ultramarine, azurite, malachite,
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whites (Pb or Ti), and yellows (Pb and Cr?). The preparation of lime plaster was based on
the calcination of local Mesozoic limestones and the use of siliciclastic fluvial sand. The
absence of slaking lumps points to the use of aged lime putty as a binder.

These findings, seen in the broader picture of the work conducted by all the Italian
research groups involved in this AIAr’s national project, have a double value: they help
to comprehend the past better, providing insights into the creation process and history of
Saturnino Gatti’s frescoes; and they preserve it knowingly in the future, giving precious
scientific and technical diagnostic information for the restorations soon to begin.

Author Contributions: Conceptualization, G.E. and L.G.; investigation, G.E., M.L., S.P., L.G., C.M.,
M.S. and L.C.G.; resources, G.E., M.L. and C.M.; writing—original draft preparation, G.E., L.G., S.P.
and A.Z.; writing—review and editing, G.E., A.M., C.M. and M.L.; visualization, G.E., S.P., L.G. and
A.Z.; supervision, G.E. All authors have read and agreed to the published version of the manuscript.

Funding: This work was performed in the framework of the Project Tornimparte—“Archeometric
investigation of the pictorial cycle of Saturnino Gatti in Tornimparte (AQ, Italy)” sponsored in 2021 by
the Italian Association of Archeometry AIAR (www.associazioneaiar.com, accessed on 1 June 2023).

Data Availability Statement: All data are in the paper.

Acknowledgments: The authors thank Pasquale Acquafredda and Nicola Mongelli for their technical
support in SEM analysis. This research benefited from instrumental upgrades of Potenziamento Strut-
turale PONa3-00369 of the University of Bari Aldo Moro titled “Laboratorio per lo Sviluppo Integrato
delle Scienze e delle Tecnologie dei Materiali Avanzati e per dispositivi innovativi (SISTEMA)”.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Arbace, L. I Volti dell’Anima. Saturnino Gatti. In Vita e Opere di un Artista del Rinascimento; Paolo De Siena Editore: Pescara, Italy,
2012; ISBN 88-96341-11-6.

2. Zezza, A. Paintings, Frescoes, and Cycles. In A Companion to the Renaissance in Southern Italy (1350–1600); Di Vitiis, B., Ed.; Brill:
New York, NY, USA, 2022; pp. 591–617. ISBN 978-90-04-52637-2.

3. Vittorini, A. L’Aquila 2009–2019: Back to the Future. Cultural Heritage and Post-Seismic Reconstruction Challenges. In Invisible
Reconstruction. Cross-Disciplinary Responses to Natural, Biological and Man-Made Disasters; Patrizio Gunning, L., Rizzi, P., Eds.;
Fringe; UCL Press: London, UK, 2022; pp. 11–28.

4. Quagliarini, E.; Lenci, S.; Seri, E. On the Damage of Frescoes and Stuccoes on the Lower Surface of Historical Flat Suspended
Light Vaults. J. Cult. Herit. 2012, 13, 293–303. [CrossRef]

5. Lermé, N.; Hégarat-Mascle, S.L.; Zhang, B.; Aldea, E. Fast and Efficient Reconstruction of Digitized Frescoes. Pattern Recognit.
Lett. 2020, 138, 417–423. [CrossRef]

6. Bruno, N.; Mikolajewska, S.; Roncella, R.; Zerbi, A. Integrated Processing of Photogrammetric and Laser Scanning Data for
Frescoes Restoration. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. ISPRS Arch. 2022, 46, 105–112. [CrossRef]

7. Piovesan, R.; Maritan, L.; Amatucci, M.; Nodari, L.; Neguer, J. Wall Painting Pigments of Roman Empire Age from Syria Palestina
Province (Israel). Eur. J. Mineral. 2016, 28, 435–448. [CrossRef]

8. Pecchioni, E.; Pallecchi, P.; Giachi, G.; Calandra, S.; Santo, A.P. The Preparatory Layers in the Etruscan Paintings of the Tomba dei
Demoni Alati in the Sovana Necropolis (Southern Tuscany, Italy). Appl. Sci. 2022, 12, 3542. [CrossRef]

9. Mangone, A.; Colombi, C.; Eramo, G.; Muntoni, I.M.; Forleo, T.; Giannossa, L.C. Pigments and Techniques of Hellenistic Apulian
Tomb Painting. Molecules 2023, 28, 1055. [CrossRef]
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Abstract: Salt crystallization is one of the most dangerous forms of degradation affecting frescoes.
This phenomenon can lead to cracking, flaking and detachment of the pictorial layer, ultimately
ruining the work of art. However, the characterization of soluble salts via chemical analysis can be
employed to determine the conditions of the artifact and establish the proper restoration and/or
conservation strategies to be adopted. In this archaeometric study, a first-ever characterization of the
soluble salts and related degradation phenomena on the frescoes by Saturnino Gatti in the church
of San Panfilo in Villagrande di Tornimparte (L’Aquila) was carried out. Sampling was performed
in areas with evident detachments, exfoliations and saline crystallization (efflorescences). Eleven
samples of powder and fragments were taken from different panels of the fresco: nine were taken
from Panels A, C, D and E and two from the top part of the vault. Chemical characterizations were
performed using two analytical techniques: ion chromatography (IC) and attenuated total reflectance
Fourier-transform infrared spectroscopy (ATR-FTIR). Ion chromatography was used for the quantifi-
cation of the main ions and to evaluate the presence of soluble salts, whereas infrared spectroscopy
was used to characterize the mineralogical phases. The results show efflorescence consisting of newly
formed gypsum and carbonate in samples taken closer to the ground. Furthermore, a good corre-
lation between sodium and chloride ions was observed, indicating the presence of an efflorescence
composed of newly formed sodium chloride. Capillary rise and infiltration were highlighted as
the main sources of soluble salts. This information will be crucial in guiding future restoration or
conservation operations.

Keywords: salts; efflorescence; ion chromatography (IC); infrared spectroscopy

1. Introduction

This paper contributes to the Special Issue “Results of the II National Research project
of AIAr: archaeometric study of the frescoes by Saturnino Gatti and workshop at the church
of San Panfilo in Tornimparte (AQ, Italy)” in which the scientific results of II National Re-
search Project conducted by members of the Italian Association of Archaeometry (AIAr) are
discussed and collected. For in-depth details on the aims of the project, see the introduction
of the Special Issue [1].

One of the most serious forms of damage affecting porous stone materials used in
monuments and other construction materials is directly linked to the physical action ex-
erted by the crystallization of soluble salts [2–6]. This process can cause several degradation
phenomena, including flaking, cracks, detachment or staining of the pigment layer, efflo-
rescence, sub-efflorescence and formation of crusts, all of which can lead to irreversible
damage of the original material [7,8]. As documented in numerous studies [7,9,10], walls
and frescoes suffer greatly from decay induced by salt crystallization, and conservation
strategies often need to be put in place in order to salvage the artworks. However, these
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efforts may in turn exacerbate the problem by introducing additional salts or solutions, as
explained in the following paragraph, which may cause the artifacts to decay more rapidly
instead of preventing this process.

The salts responsible for this damage can originate from the building material itself or
derive from other sources [11]. For instance, they can be channeled from the groundwater
and penetrate the wall via capillary rise, with an efficiency that depends on the distribution
of the pore size and the wetting behavior of the material [12]. Alternately, they can derive
from polluted atmospheres rich in particulate matter, marine aerosols and other polluting
agents which are deposited and eventually penetrate the walls [13]. Additionally, acidic
and alkaline products used in cleaning and restoration treatments usually contain salts and,
if not applied correctly, can give rise to the problems associated with salt crystallization
mentioned previously. Finally, they can derive from the metabolic activity of microbes [14].
When the saline solutions that permeate the material, following the evaporation of water,
reach suitable thermodynamic conditions, nucleation and growth of crystals can take place.
As the water evaporates, the concentration increases and the salt begins to precipitate. The
degree of damage is directly proportional to the concentration of the salt and the size of the
crystal, and inversely proportional to the size of the pores [12].

Degradation from salt formation derives from the pressure exerted by the crystal-
lization process on the pores of the material. This can occur via different mechanisms:
hydrostatic pressure, hydration pressure and linear pressure. Hydrostatic pressure devel-
ops when the solution occupies a volume which is smaller than the one of the precipitating
crystals [15]. In some cases, this may only constitute a minor effect, since the increase in
pressure is associated with an increase in solubility, limiting the impact of salt crystallization.
Hydration pressure occurs following the increase in volume generated by the hydration
of the salt [16]. This effect is strictly related to the nature and physical–chemical charac-
teristics of the salt; therefore, the impact may be different from case to case. Finally, linear
pressure develops following the crystallization of a salt in the pores of the material, and
the exerted pressure will be inversely proportional to the pore size [17]. Many calcarenites
with pore sizes smaller than 0.1 micron suffer greatly from this type of degradation [15,16].
Often, these three mechanisms have a combined effect, leading to an increase in pore size
and eventually to cracks, efflorescence and sub-efflorescence [16]. Due to the combined
effect of all these mechanisms, the pore increases in size and eventually can lead to cracks,
efflorescence and/or sub-efflorescence.

According to Zehnder et. al. (1991), the nature of the salts that can be formed varies
along the vertical profile of the wall, depending on their solubility. Typically, the relatively
less soluble salts, such as calcium carbonate and gypsum, can precipitate more easily and,
therefore, are found in the areas closer to the ground. Instead, sulphate and nitrate salts
will precipitate in the intermediate sections. Finally, the most soluble and deliquescent salts
are found in the upper parts of the wall; these include nitrates and chlorides of sodium
and magnesium, which can concentrate and accumulate for centuries. The intermediate
sections are usually the most degraded parts because of the favorable conditions for the
formation of efflorescence and sub-efflorescence [12]. Indeed, in the areas closer to the
ground, the rate of capillary rise of the water is faster than the rate of evaporation from the
walls, therefore inhibiting supersaturation of the solution and crystal formation. Instead, as
the rate of capillary rise decreases along the wall, the solution becomes supersaturated, and
efflorescence starts to form on the outside. Finally, when the rate of rise decreases below
the rate of evaporation, the salts are formed inside the walls (sub-efflorescence).

The present study is concerned with the characterization of soluble salts on the frescoes
by Saturnino Gatti in the Church of San Panfilo in Villagrande di Tornimparte, which is
located in the city of L’Aquila, in the Abruzzo region of Italy. Eleven samples were retrieved
at different heights along the walls of the church hosting the frescoes and characterized
using ion chromatography (IC) and attenuated total reflectance Fourier-transform infrared
spectroscopy (ATR-FTIR). The former was used to determine the ionic composition, in
terms of both anions and cations, whereas the latter was employed to identify the most
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abundant mineralogical phases. The aim of this research is to characterize the salts in the
masonry that caused the degradation observed on the surfaces of the church, both in terms
of nature and concentration. A complete characterization of the fresco was performed by
sampling areas at different heights, covering the entire structure. Thanks to the chemical
analysis, it was possible to trace the sources of the soluble salts. The results of this study
will also be useful when conducting the restoration processes of the walls.

2. Materials and Methods

2.1. Sampling

Eleven samples of powder and fragments were taken from different panels of the fresco
in order to characterize the degradation produced by the presence of salts. The samples
(Figure 1 and Table 1) were taken from areas where salt efflorescence and detachment of the
plaster surface were visible. Sampling was carried out at different heights: seven fragments
were taken close to the ground level (SG_1 to 7), two samples were taken near window
splays (SG_8 and SG_29), and two samples were taken from the top of the vault (SG_37A
and SG_41B).

Figure 1. Sampling points of Panels A,C–E and the upper part of the vault on the walls of the
Church of San Panfilo in Villagrande di Tornimparte (L’Aquila). The images were obtained with the
photogrammetric survey.
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Table 1. Sampling details: sampling area, sample ID, description, and type of sample.

Sampling
Area

Sample ID Description Type of Sample

A

SG_6 Original area (pictorial layer and plaster) affected by
detachments and fractures, with efflorescence. Powders and fragments

SG_7
Integration area affected by partial detachment of the pictorial

film. Exfoliations can be observed due to the presence of
saline efflorescence.

Powders

SG_8 Original area (dark yellow pictorial layer and plaster), detached,
affected by saline efflorescence, not cohesive, and fragile. Powders and fragments

C

SG_4 Integration area with yellow-brown pictorial finishing, affected
by detachments and exfoliations—presence of salt efflorescence. Powders and fragments

SG_5 Original area (pictorial layer and plaster) affected by
detachments and fractures. Fragments of various dimensions

SG_29 Saline efflorescence selectively retrieved from the surface. Powders and plaster residues

D SG_3 Integration area without pictorial finishing and affected by
detachment and exfoliation—presence of salt efflorescence. Powders

E

SG_1 Black paint layer and plaster layer; area affected by substrate
detachment and efflorescence. Fragments of various dimensions

SG_2 Plaster layer; area affected by complete detachment of the
pictorial film and efflorescence.

Powders (sampled up to 1 cm
from the surface)

Vault,
summit SG_37A Grey pictorial layer on degraded plaster, retrieved from

degraded area with detachments of the superficial layers. Powders and fragments

Vault,
summit SG_41B Purple pictorial layer on degraded plaster, retrieved from

degraded area with detachments of the superficial layers. Powders and fragments

2.2. Ion Chromatography Analysis

Quantification of the main ionic components and evaluation of the presence of soluble
salts were performed with ion chromatography (IC). Anions (NO3

−, SO4
2−, Cl−) and

cations (Na+, K+, Ca2+, Mg2+, NH4
+) were determined using an HPLC Dionex ICS-1000 Ion

Chromatography System (Thermo Scientific, Dionex Corporation, Sunnyvale, CA, USA)
equipped with a conductivity detector. Anion analysis was carried out with an Ion Pac
AS14A IC Column, using 8 mM Na2CO3/1 mM NaHCO3 as the eluent, isocratic elution,
a constant flux of 1.5 mL min−1 and an ULTRA anionic self-healing suppression (ASRS-
ULTRA), whereas cations were analyzed with an Ion Pac CS12A IC Column, using 20 mM
methanesulfonic acid (MSA) as the eluent, isocratic elution, a constant flux of 1.5 mL min−1

and an ULTRA cationic self-healing suppression (CSRS-ULTRA).
In order to prepare the solutions to be analyzed, a small portion of the sample was

ground in an agate mortar. Of this powder, around 2 mg was transferred in a plastic
test-tube and treated with 10 mL of milli-q water (Merck Millipore Milli-Q, Burlington,
MA, USA). The suspensions were immersed in an ultrasonic bath for 1 h, centrifuged at
3000 rpm for 3 min and filtered using 0.45 μm non-sterile hydrophilic membranes (PTFE
Millex-14 LCR, 25 mm, Millex® Syringe Filters, Merck Millipore, Burlington, MA, USA)
before injection in the instrument.

2.3. ATR-FTIR Analysis

Fourier-transform infrared spectroscopy was carried out in attenuated total reflectance
mode (ATR-FTIR) in order to identify the main components and phases of the samples. The
instrumentation used to perform the analyses was a Nicolet 380 FTIR spectrometer (Thermo
Electron Corporation, Waltham, MA, USA). The detection window used was between
400 cm−1 and 4000 cm−1, and 64 scans with a resolution of 4 cm−1 were performed, along
with smoothing operations (15 points).
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3. Results

3.1. Ion Chromatography Analysis

The results of the determination of the main ionic species are shown in Table 2.

Table 2. Concentrations of cations (sodium, ammonium, potassium, magnesium and calcium) and
anions (chloride, nitrate and sulphate) in ppm (μg g−1) in the analyzed samples.

Cations Anions

Sampling
Area

Samples ID Sodium Ammonium Potassium Magnesium Calcium Chloride Nitrate Sulphate

A
SG_6 5.98 n.d. 1.32 2.08 326.23 7.78 65.21 730.11
SG_7 2.01 0.17 0.35 0.93 350.20 3.13 24.84 843.13
SG_8 3.93 0.40 2.86 1.67 58.32 7.02 23.09 16.68

C
SG_4 1.05 1.09 n.d. 0.67 369.36 1.36 14.15 922.52
SG_5 1.83 n.d. 0.53 2.22 97.77 2.76 16.91 123.47

SG_29 1.94 n.d. 1.01 n.d. 121.07 1.62 10.05 284.24

D SG_3 2.54 n.d. n.d. 0.71 483.05 4.15 6.12 1256.41

E
SG_1 9.02 0.48 6.34 6.11 601.09 9.12 198.78 1475.08
SG_2 5.22 0.40 2.51 2.83 68.80 10.71 74.89 12.14

Vault
summit

SG_37A 3.13 2.20 8.90 n.d. 3.86 4.01 14.20 27.56
SG_41B 2.37 1.11 0.44 2.58 60.84 5.06 11.86 26.72

n.d. = not detected. Standard error = 5%.

The concentrations of anions (Table 2) varied between the different samples; even
between those taken from the same panel, but at different heights. For almost all the
samples, sulphates were the species present in highest concentration, with higher values
(>700 ppm) found in samples collected near the ground: SG_6 and 7 (Panel A), SG_4
(Panel C), SG_3 (Panel D), SG_1 (Panel E). Overall, it is possible to appreciate a relationship
between sulphate concentration and sampling height. Indeed, the samples taken close to
the window splays or in the vault showed, on average, lower concentrations of sulphates
compared to samples taken at lower heights. A clear trend in terms of sampling height
could not be observed for chlorides and nitrates. In this case, the differences between the
samples are related to sampling site (panel), with Panels A and E showing the highest
average concentrations of both species.

Moving on to cations, almost all the samples showed high concentrations of calcium
ions (above 50 ppm, except for SG_37A). A correlation can be observed between the
concentrations of calcium and sulphate ions. Indeed, as was the case for sulphates, it
is possible to observe, on average, a relationship with sampling height, with calcium
content being lower for samples taken at greater heights. All other cations were found in
concentrations below 10 ppm, therefore secondary with respect to calcium. In this case, no
significant correlations between concentration values and sampling height or sampling site
(panel) could be appreciated.

3.2. ATR-FTIR Analysis

The samples were also analyzed using attenuated total reflectance Fourier-transform
infrared spectroscopy (ATR-FTIR). Table 3 summarizes the characteristic bands observed in
the different samples. For most of the samples (SG_1, SG_3, SG_4, SG_5; SG_6, SG_7 and
SG_29), typical gypsum bands were observed, in agreement with the IC results. Indeed,
these samples showed high concentrations of sulphates (above 100 ppm), whereas samples
SG_2, SG_8, SG_37A and SG_41B were associated with sulphate concentrations below
30 ppm. Based on the combined results of both IC and ATR-FTIR techniques, it is possible
to assume that most of the ionic sulphate concentration derives from gypsum formation.
Moreover, the characteristic calcite bands were recognized in all samples, which explains
the nature of the high calcium concentrations observed in IC analysis. Finally, samples SG_2,

121



Appl. Sci. 2023, 13, 6623

SG_7, SG_8, SG_29, SG_37A and SG_41B also showed silicate bands, probably attributable
to the substrate.

Table 3. ATR-FTIR bands in the analyzed samples (cm−1).

Sampling Area Samples ID Silicates Carbonates Sulphates (Gypsum)

A
SG_6 1412, 872 3523, 3400, 1683, 1620, 1109, 667, 598, 420
SG_7 3522, 3400, 1683, 1620, 1107, 667, 597, 418
SG_8 1012, 777, 459 1405, 872, 712

C
SG_4 1426, 873 3525, 3401, 1683, 1620, 1110, 668, 598, 419
SG_5 1421, 873 3535, 3401, 1683, 1620, 1109, 668, 599, 454
SG_29 1413, 872 3235, 1643, 1110, 598

D SG_3 1429, 874 3517, 3400, 1683, 1619, 1105, 667, 597, 418

E
SG_1 1410, 872, 712 3522, 3400, 1683, 1620, 1108, 667, 597, 418
SG_2 1011, 777, 458 1407, 872, 711

Vault summit
SG_37A 1005, 778, 459 1411, 873, 712
SG_41B 1007, 777, 460 1410, 872, 712

4. Discussion

The investigations carried out on the samples made it possible to characterize the
different phases of salt crystallization in the walls of the Church of San Panfilo in Villagrande
di Tornimparte. These were often related to the sampling height. General graphs of samples
from the same area taken at different heights are shown below. It is interesting to observe
how some samples, e.g., SG_1 and SG_2 (Figure 2) taken from Panel E, despite coming
from the same area, near the ground, show different salt crystallization conditions.

Figure 2. Ion concentration of samples SG_1 and SG_2 taken from Panel E. (a) Ppm (μg g−1) concen-
trations of sodium, ammonium, potassium, magnesium and calcium cations; (b) ppm concentrations
(μg g−1) of chloride, nitrate and sulphate ions.
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In fact, sample SG_1 shows a good concentration trend between calcium and sulphate
ions and lower concentrations of the other ions (Figure 2). This observation allowed us to
hypothesize that the area under investigation is affected by the sulphation process, which
leads to the formation of newly formed crystalline gypsum in the form of efflorescence.
This hypothesis is confirmed when observing the ATR-FTIR spectrum acquired for this
sample (Figure 3, Table 3). The characteristic peaks of the gypsum centered at 3522, 3400,
1683, 1620, 1108, 667, 597 and 418 cm−1 can all be observed [18,19]. In addition, O–H
stretching and bending vibrations of calcium carbonate were found, with peaks at 1412,
872 and 712 cm−1 [19,20]. These peaks can also be attributable to newly formed carbonate
salts and not to the substrate, since the samples were taken at salt efflorescence.

 

Figure 3. ATR-FTIR spectra of samples SG_1 and SG_2 taken from Panel E. Marker bands of
carbonates (*), silicates (◦) and sulphates (ˆ) are highlighted.

In contrast, sample SG_2 shows low concentrations of these ions; in particular, sulphate
ions (Figure 2). In fact, the typical bands of gypsum were not observed (Figure 3, Table 3).
Sample SG_2, on the other hand, shows the classic carbonate peaks (Figure 3, Table 3),
which can be attributable to efflorescence produced by carbonate salts. Indeed, it is known
in the literature [14] that the area closer to the ground is where the relatively less soluble
salts, such as calcium carbonate and gypsum, tend to form and precipitate as newly formed
crystals, generating salt efflorescence which causes the observed detachment of the painted
surface. The tensions generated by the increase in size of the salt crystals in the pores of
the material can cause the detachment of the most superficial parts of the plaster and/or
colored finishes, or, in the most severe cases, can even damage part of the load-bearing
masonry. As was demonstrated by Kilian et.al. (2023), gypsum accumulation can cause
hardening of the surface, which tends to decrease the superficial porosity of the material.
The formation of such crusts reduces water evaporation from the surface and consequently
increases sub-efflorescence formation [21].

Moving on to Panel A, the samples taken from this sampling site at different heights
show different concentrations of calcium and sulphate ions (Figure 4).
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Figure 4. Ion concentration of samples SG_6, SG_7 and SG_8 taken from Panel A. (a) Ppm
(μg g−1) concentrations of sodium, ammonium, potassium, magnesium and calcium cations; (b) ppm
concentrations (μg g−1) of chloride, nitrate and sulphate anions.

In fact, samples SG_6 and SG_7, taken a few cm above ground level, show higher
values of these ions than sample SG_8, which was taken at a greater height close to a
window splay (Figure 4). This result indicates that the wall of Panel A close to the ground
level are affected by efflorescence produced by sulphation, which produces newly formed
gypsum crystals that lead to the detachment of the painted surface [22]. For these samples,
the presence of gypsum is confirmed by infrared analysis (Figure 5, Table 3). Typical calcite
bands were observed (Figure 5, Table 3) [19,20], and can be attributed to carbonate salts,
which contribute to the degradation of the wall.

A similar result was obtained by analyzing samples taken from Panel C. Samples
SG_4 and SG_5 were taken at lower heights, near the ground level, whereas sample SG_29
was retrieved at a greater height, near the window splay (Figures 6 and 7, Table 3). In this
case, sample SG_4 shows significantly higher concentrations of both calcium and sulphate
ions, with respect to samples SG_5 and SG_29. These results indicate an even stronger
relationship between sampling height and ionic concentration (calcium and sulphate), once
again reaffirming the previous conclusions that gypsum neoformation salts deriving from
capillary rise tend to be located closer to the ground, in the vicinity of the walking surface.
The pressure exerted by these salts causes the rupture of the porous material, leading to the
degradation of the walls and, therefore, serious damage to the work of art, in this case the
fresco. Indeed, the sampling site from which sample SG_4 was retrieved appears highly
degraded, and most of the pictorial layer is no longer visible (Figure 1). In contrast, the
area from which sample SG_5 was taken shows signs of superficial degradation, but the
pictorial layer is still intact. Compared to the other samples taken close to the window
splays (SG_8) or from the vault (SG_37A, SG_41B), sample SG_29 shows relatively high
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concentrations of calcium and sulphate. This may be attributable to external infiltrations
that are specific to this sampling site.

Figure 5. ATR-FTIR spectra of samples SG_6, SG_7 and SG_8 taken from Panel A. Marker bands of
carbonates (*), silicates (◦) and sulphates (ˆ) are highlighted.

Figure 6. Ion concentrations of samples SG_4, SG_5 and SG_29 taken from Panel C. (a) Ppm
(μg g−1) concentrations of sodium, ammonium, potassium, magnesium and calcium cations; (b) ppm
concentrations (μg g−1) of chloride, nitrate and sulphate anions.
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Figure 7. ATR-FTIR spectra of samples SG_4, SG_5 and SG_229 taken from Panel C. Marker bands of
carbonates (*) and sulphates (ˆ) are highlighted.

The sample taken from Panel D (SG_3) also showed high concentrations of sulphate and
calcium ions (Figure 8a), attributable to the same degradation phenomena, which was also
confirmed by observing the spectrum obtained by infrared spectroscopy (Figure 8b, Table 3).
In fact, the sampled area is characterized by the complete loss of the plaster and of the
pictorial layer caused by the crystallization cycles of these salts (Figure 1).

Figure 8. Sample SG3 taken from Panel D. (a) Ion concentrations of sodium, magnesium, chlorides,
nitrates, calcium, sulphate in ppm (μg g−1); (b) ATR-FTIR spectrum: marker bands of carbonates (*)
and sulphates (ˆ) are highlighted.
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Finally, samples taken at the top of the vault do not show high values of sulphate and
calcium ions (moderate concentrations were only obtained in sample SG_37A) (Figure 9).

 

Figure 9. Ion concentration of samples SG_37A and SG_41B taken from the top of the vaults. (a) Ppm
(μg g−1) concentrations of sodium, ammonium, potassium, magnesium and calcium cations; (b) ppm
concentrations (μg g−1) of chloride, nitrate and sulphate anions.

Based on the results obtained, it is difficult to assume the precipitation of a specific salt. In
fact, from the infrared spectra of samples taken from the detached surface (Figure 10, Table 3),
carbonate bands were observed [19,20] that can be attributed either to newly formed
carbonate crystals or to the paint substrate.

Figure 10. ATR-FTIR spectra of samples SG_37A and SG_41B taken from the top of the vaults. Marker
bands of carbonates (*) and silicates (◦) are highlighted.
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The graph shown in Figure 11a indicates that the calcium and sulphur trends are
perfectly aligned for many of the analyzed samples in which efflorescence produced by
poorly soluble gypsum salts was assumed. Gypsum has a low solubility and hygroscopicity
compared to most salts, and its deliquescence occurs at a very high relative humidity (over
99.9%, according to [12]). Hence, it is stable in a variety of environments, even extremely
humid ones. It should be noted that studies in literature [12] show that the decay rate of
wall paintings due to salt contamination originating from gypsum crystallization causes
significant deterioration, but also that it is 10 to 100 times slower than that caused by
more soluble salts. In fact, the areas where newly formed gypsum was found did show
efflorescence, but detachment of the paint surface was not always very evident (except
for the area where SG_4 and SG_3 was sampled). This is supported by other studies
which indicate that the deterioration caused by gypsum in stone and similar building
materials is not produced by hydration pressures [12], but is the result of its crystallization
within the porous matrix of the material, as with any other non-hydrating salt. Because of
these characteristics, once gypsum is deposited in the pores of a building material or on a
pictorial surface, such as a fresco, it will tend to accumulate over time. Its extremely low
mobility also explains why desalination of materials contaminated with calcium sulphate
is very difficult [12,23,24].

 

Figure 11. Trend of the concentrations (μg g−1) of certain ions observed in the samples analyzed.
(a) Calcium and sulphate; (b) chloride and sodium; (c) potassium and nitrates.
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Furthermore, a comparison was made between the concentrations of sodium and
chloride ions (Figure 11b), and a good correlation was observed for samples taken from
Panel A (SG_6, SG_7, SG_8), Panel C (except for sample SG_29) and the samples taken
from the top of the vault (SG_37A). This suggests that sodium chloride salts, such as halite,
are present in these areas in addition to newly formed gypsum. Finally, the samples that
showed correlations between potassium and nitrate ions (Figure 11c) were those taken
from Panel A (SG_6 and SG_7, with the exception of sample SG_8), the samples taken from
Panel C (SG_5 and SG_29, with the exception of sample SG_4) and the samples taken from
Panel E (SG_1 and SG_2, which show the highest concentrations of these species). For these
samples, the presence of salts such as niter is assumed. Moreover, chloride and nitrate salts
(particularly with sodium and magnesium) are more soluble and deliquescent than others
and do not usually precipitate on the surface of the wall [25]. However, when the outdoor
climate becomes exceptionally dry, efflorescence of this nature can be observed on surfaces.
This means that these salts accumulate locally over prolonged periods of time, which can
be as long as several decades, and tend to keep the masonry moist at all times, except
in very dry conditions [12]. The types of decay that form on masonry usually result in
swelling and detachment of the plaster, as was observed on the panels of the walls studied.
The distribution of salts within a wall also depends on the actual mixture of salts present
and their origin. As discussed by Steiger [26], based on the in-depth analysis of the north
façade of a convent in northern Bavaria and other monuments [12], the presence of nitrate,
potassium, and magnesium, as well as chloride and sodium, depends on the mixture of
salts present and their origins, and is the result of rising damp.

Regarding the mechanism of the saline degradation [14], the results obtained in
this study allow us to hypothesize that the degradation produced by the salts on the
walls of this monument can be attributed mainly to capillary rise. Fractionation during
ascending transport is revealed by the shift in the potassium/magnesium (K/Mg) ratio,
which decreases with increasing height [12]. In fact, this ratio, calculated based on the data
obtained from the different samples, showed a decrease in this parameter with increasing
height. In the samples taken from Panel E (SG_1 and SG_2, K/Mg ratio = 1.03; 0.89,
respectively), Panel C (SG_4 and SG_5, K/Mg ratio = 0.98; 0.24, respectively) and Panel
A (SG_6 and SG_7, K/Mg ratio = 0.63; 0.38, respectively), the K/Mg ratio indicates an
ascending transport of salts due to capillary rise from the ground. Finally, for the samples
taken from the splays of the windows (SG_8, Panel A; SG_29, Panel C) or from the top
of the vaults (SG_37A, SG_41B), it can be assumed that the detachment observed on the
surfaces cannot be attributed to capillary rise from the ground, but is probably attributable
to infiltration.

5. Conclusions

Thanks to the use of two analytical techniques (IC and ATR-FTIR), it was possible
to characterize the degradation due to salt crystallization of the masonry of the fresco by
Saturnino Gatti in the church of San Panfilo in Villagrande di Tornimparte (L’Aquila). The
results highlighted the different types of efflorescence that probably caused the detachment
of the painted surface and of the plaster.

Specifically, areas were identified where efflorescence was mainly caused by newly
formed crystals of gypsum and calcium carbonate. These two types of salts were found in
almost all the samples analyzed. Higher concentrations of gypsum were present, especially for
those samples taken at a lower height, such as Panels A, C, D and E. Efflorescence composed
of newly formed sodium chloride, halite, was present in samples SG_4, 5, 6, 7, 8 and 37A,
with varying concentrations (higher concentrations for samples SG_6 and 8). This evidence
was observed in the samples taken at slightly greater heights, with higher values detected
in Panels A and C and in the sample taken from the upper vault (SG_37A). Efflorescence
composed of potassium nitrate was present in samples SG_1 (higher concentrations) and
SG_2, 6 and 7 (lower concentrations) (Panels E and A).
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Finally, the results suggested that the degradation produced by efflorescence was due
mainly to the capillary rise from the ground, with the exception of the samples taken close
to the window splays and from the vault, in which infiltration could be responsible. The
research carried out will allowed us to provide indications in order to perform targeted
interventions regarding possible restoration work aimed at desalinizing the church walls.
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Abstract: In the context of the archaeometrical study of Saturnino Gatti’s wall paintings, a signifi-
cant aspect concerned the study of the organic component to understand both the original binders
used in the original areas and the products used for pictorial reintegration and restoration of the
painted surfaces. Thanks to the results obtained from various non-invasive and multi-band imaging
techniques, it was possible to define Gatti’s original painting technique and identify the materials
subsequently applied in significant samples. To this end, molecular analyses based on mass spec-
trometry were carried out. Different procedures in gas chromatography–mass spectrometry (GC-MS)
and in pyrolysis coupled with gas chromatography–mass spectrometry (Py-GC-MS) were adopted.
The analyses revealed a variety of organic materials on the mural paintings, most of which are from
past restoration interventions and have synthetic origin. The overspread presence of paraffin is
likely due to the application of a mineral wax-based coating/consolidant. In particular, the execution
technique encompassed the use of tempera-based paints, while retouched areas were characterised
by the presence of oil-based resins.

Keywords: proteins; lipids; paraffin; synthetic materials; paint binders

1. Introduction

This paper contributes to the Special Issue “Results of the II National Research project
of AIAr: archaeometric study of the frescoes by Saturnino Gatti and workshop at the
church of San Panfilo in Tornimparte (AQ, Italy)”, in which the scientific results of the
Second National Research Project conducted by members of the Italian Association of
Archaeometry (AIAr) are discussed and collected. The cycle of frescoes is undoubtedly
the masterpiece of the painter Saturnino Gatti. The wall paintings are framed by an
architectural score, which creates illusionistic effects, running along the perimeter of the
apse. A beautifully painted vault crowns the whole, and the sequence of images gives a
beautiful ‘cinemascope’ effect.

The colourful scenes, subject to periodic restorations, are the subject of numerous
studies, as highlighted by the vast literature.

Preliminary investigations of the painting technique, as well as the restoration ma-
terials of the pictorial cycle, were carried out using spectroscopic analysis and mainly
non-invasive techniques, such as multiband imaging and single-spot techniques already
optimized for works of art in cultural heritage [1–3].

The multispectral investigations carried out prior to the sampling campaign high-
lighted a diffuse presence of retouching, conservation and consolidation materials. More-
over, evident detachment and exfoliation phenomena were observed, together with a
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strong efflorescence. Chemical characterizations of the soluble salts by means of ion chro-
matography and attenuated total reflectance Fourier-transform infrared spectroscopy have
been performed within the AIAr project [4]. Although the Renaissance pictorial cycle is
of national interest, the pictorial technique has not yet been defined. Furthermore, the
characterization of the consolidant and protective materials is necessary for the restoration,
which aims to recover the legibility of the work, undermined by the degradation of the sur-
face materials. For these purposes, within the research project, it was decided that twelve
samples would be collected for chromatographic analyses. Currently, several works have
demonstrated the capability of characterizing natural organic materials of different natures,
such as lipid, protein, resinous and waxy materials with gas chromatography techniques
coupled with mass spectrometry [5–10] and pyrolysis [11]. The pyrolysis analysis is also
essential for the investigation of synthetic products used in restoration through the study
of markers produced by the pyrolysis [12–14].

Despite the heavy and numerous restoration interventions, some areas were found to
be of particular interest for the investigation of the paintings, such as residues of original
gilding decorations, or original areas without overpainting or where aged coating films
were less abundant.

2. Materials and Methods

2.1. Samples

The experimental sections are divided into two subsections: one dedicated at the
identification of the original binding media and aged coatings, and the other to study
the materials from the lacunae, as well as retouched and restored areas. Samples from
the original paintings were collected mainly from the upper part of the vault and Area
1—Panel E (Figures 1a and 2), while for the consolidation/restoration ones they were
collected mainly from Area 4—Panels A (Figure 1b), D and E (Figure 3). The bad state of
conservation and severe legibility problems due to degraded pictorial varnishes, retouching
and stuccos are clearly visible.

 

Figure 1. Visible image of Area 1—Panel E (a), and Area 4—Panel A (b).
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SG_30 
(Panel E) 

SG_34 
(Panel E) 

SG_37C 
(Vault) 

SG_41C 
(Vault) 

SG_43 
(Vault) 

SG_44  
(Panel E) 

Figure 2. Sampling points of Area 1—Panel E and upper part of the vault for the characterisation of
the original painting materials.
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Figure 3. Sampling points of Area 4—Panels A, D and E for the characterisation of restoration materials.

2.1.1. Original Binding Media and Aged Coatings

Six samples were collected and analysed from the upper part of the vault and panel E
(Figure 1a). Figure 2 shows the sampling points, and a brief sample description and the
aim of studying the issues of the investigated areas are reported in Table 1. The areas, even
if they were not as affected by thick overpainting and consolidants compared to the other
investigated areas, still presented a film of degraded protective layers. Samples collected
from these areas were analysed using gas chromatography–mass spectrometry (GC-MS),
using an analytical procedure that enables the identification of natural organic materials
based on lipids, proteins and terpenoids [15].
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Table 1. Description of the samples collected for the identification of original binders and degraded
superficial varnishes or coatings.

Sample Area Description Aim of the Investigations

SG_30 Panel E

Fragments of white plaster + greyish
pictorial finish taken from an area which
under UV appears characterized by an

uneven yellowish response.
Macroscopically, the surface appears

chromatically altered (with a spotted effect).

Identification of the
degraded protective

SG_34 Panel E

Fragments of white plaster + grayish paint
finish taken from an area that shows no

fluorescence response under UV.
Macroscopically, the surface appears glossy.

Identification of altered protective
and/or other consolidating

treatments undergone in the past

SG_37c Vault, top part
Gray pictorial spread on a layer of degraded
plaster, taken from a degraded area due to

detachments and lifting of the surface layers.

Identification of organic binders
and protective consolidants

SG_41C Vault, top part
Purplish pictorial spread on a layer of

degraded plaster, taken from a degraded
area with lifting of the surface layers.

Identification of organic binders
and protective consolidants

SG_43 Vault, top part

Relief layer of material of an organic nature
selectively taken from the pictorial surface.

These are tablets to simulate the golden
decorations of the halos and robes of the

Almighty (or relief base for the application of
gold leaf), now detached.

Understanding of
painting technique

SG_44 Panel E

Traces of a layer of preparation for the
application of gold leaf for the creation of
rays of the risen Christ. The surface of the

layer taken is raised and tenaciously adheres
to the plaster. Given the small number of
traces still present, the sampling has been

reduced to minimal quantities.

Understanding of the gold leaf
application technique

2.1.2. Lacunae, Retouched and Restored Areas

Six samples were collected from Panels A, D and E, and the sampling points are shown
in Figure 3. Table 2 reports a short description and visible images of the samples. Given the
complexity of the pictorial fragments, which showed the co-presence of layers attributable
to both original (or relatively ancient) work and subsequent restoration interventions,
samples were divided into two aliquots. The first aliquot was analysed using GC-MS
for the identification of lipid, terpenoid and waxy fractions, by means of an analytical
procedure based on one-spot hydrolysis and transesterification [16,17]. The other aliquot
was analysed with Py-GC-MS to verify the presence of proteinaceous and polysaccharide
material [18] and detect synthetic polymers. In particular, analytical pyrolysis was carried
out in combination with tetramethylammonium hydroxide (TMAH) to favour the detection
of some organic binders by means of thermally assisted hydrolysis and methylation [19,20].
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Table 2. Description and images of the samples collected for the identification of organic materials
from lacunae, retouched and restored areas.

Sample Area Description Image

SG_18A Panel A
Yellow-orange pictorial layer and

whitish preparation/primer, taken
along an existing gap.

SG_21B Panel A
Blue pictorial layer on a red-brown
layer (the so-called ‘morellone’) and

underlying plaster fragments.

SG_27A Panel D Yellow-blue pictorial application and
white preparation/primer.

SG_28A Panel D
Dark green pictorial layer and

fragments of plaster. The area also
has pictorial integrations with glazes.

 

SG_32 Panel A
Green pictorial layer and white

preparation/primer, taken along the
edge of a gap.

 

SG_45A Panel E
White layer (‘lumeggiatura’)
(highlighting) applied on the

underlying blue pictorial surface.
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2.2. Analytical Instrumentation
2.2.1. Instrumentation for the Analysis of Original Painting Materials

A 6890 gas chromatograph coupled with a 5975 single quadrupole mass-selective
mass spectrometer (Agilent Technologies, Palo Alto, CA, USA) was used. The analytical
procedure, the instrumental conditions and analytical parameters of which are reported
elsewhere [15], allows the combined analysis of protein, lipid–resinous and wax content
in samples. Samples were subjected to a multistep chemical pretreatment which involved
several steps of extraction, hydrolysis, purification from inorganic species and silylation
before GC-MS analysis.

2.2.2. Instrumentation for the Investigation of Restoration/Consolidation Treatment

- A Trace GC 1300 system equipped with an ISQ 7000 MS detector was used (Ther-
moFisher Scientific, Waltham, MI, USA) for the analysis of approximately 80–100 μg of
sample. The transesterification reaction and the complete methodology are described
elsewhere [16–18]. The data interpretation was performed using NIST and MS Search
1.7 libraries and ad hoc databases created by the authors. The Chromeleon 7 software
was used for the data acquisition and processing.

- Thermally Assisted Hydrolysis and Methylation (THM)–Single Shot Pyrolysis–Gas
Chromatography/Mass Spectrometry (TMH–SS-Py–GC/MS) was performed on small
aliquots of samples (around 30–80 μg) in eco-cup pyrolysis crucibles. The samples were
then treated with 3 μL of tetramethylammonium hydroxide (TMAH), 25%, in methanol.

- A PY-3030D pyrolizer (Frontier Lab, Koriyama, Japan), connected to a Trace 1310 gas
chromatograph (ThermoFisher Scientific, Waltham, MA, USA) with an ISQ7000 mass
spectrometer (ThermoFisher Scientific, Waltham, MA, USA), was used. The analytical
parameters and software for collecting, processing and interpreting the mass spectral
data are reported in the literature [19,20].

3. Results and Discussion

3.1. Original Binding Media, Aged Coatings and Consolidants

The presence of residues of synthetic origin (see following paragraph) caused an
interference in the analysis of amino acids in sample SG_34; therefore, it was not possible to
establish whether or not proteinaceous material was present. For all other samples, GC-MS
analyses evidenced the presence of low amounts of proteinaceous material, which resulted
above the limit of detection (LOD, 0.3 μg of the eleven amino acids quantified).

In sample SG_43, amino acids were present above the quantification limit (LOQ) of the
analytical technique (0.6 μg in total). The relative amino acid content was thus subjected
to multivariate statistical analysis according to the principal component method (PCA)
together with a database of reference samples containing animal glue, egg and casein [15].
The resulting score plot is shown in Figure 4, which indicates that sample 43 contains egg.
This result is of considerable importance because the sample had been taken from an area
of the top part of the vault, selectively scraping the pictorial surface: we believe egg is an
original binder used by the artist. The remaining samples present amino acids below the
LOQ, and it is therefore not possible to identify the proteinaceous binder. Animal glue is
absent, though, thus ruling out the presence of animal glue [21,22].

Beeswax is identified by the presence of relatively high amounts of palmitic acid and
tetracosanoic acid and (ω-1) hydroxy even-numbered fatty acids (with the most abundant
15 hydroxyhexadecanoic acid) (Figure 5), long-chain linear alcohols with a number of even
carbon atoms (Figure S1), α-(ω-1)diols and linear aliphatic hydrocarbons with an odd
number of carbon atoms (Figure 6) [7,23]. On these bases, beeswax was clearly detected in
all samples, with the exception of sample SG_44, and was particularly abundant in samples
SG_37c and SG_43. Waxes were used as material for the consolidation and protection of
wall paintings, as reported in many technical manuals. This is the case in Secco-Suardi’s
technical manual dated 1866, where restorers were advised to use mineral materials, such
as paraffin, for the consolidation of wall paintings and painted facades [24–26]. The use of
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paraffin as a consolidating agent is evidenced by the restoration of the Pisa Cemetery in
1858 [23,27] and numerous restoration reports, including that of Venturini Papari for the
Roman paintings in Pompeii [28].

 

Figure 4. PCA score plot related to the percent amino acid profile of sample SG 43 (Vault) together
with the database of profiles of reference samples containing animal glue, egg and casein.

 

Figure 5. Extracted ion chromatogram of fragment ion m/z 129, characteristic of trimethylsilyl
(TMS) esters. IS: internal standard: tridecanoic acid–TMS; di-FA9: azelaic acid–TMS; FA16: palmitic
acid–TMS; FA18:1: oleic acid–TMS; FA18: stearic acid–TMS; 15-OHC-16: 15-hydroxy hexadecanoic
acid–TMS; FA24: tetracosanoic acid–TMS.
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Figure 6. Extracted ion chromatogram of the fragment ion m/z 85, which is abundant in the mass spectra
of linear aliphatic hydrocarbons. Cn indicates a linear aliphatic hydrocarbon with n carbon atoms.

Therefore, the use of paraffin and mineral waxes is also plausible in the case of
Saturnino Gatti’s wall paintings.

Beeswax makes the detection of glycerolipidic material difficult, as it substantially
alters its chromatographic profile. The presence of relatively high amounts of azelaic acid,
an oxidation product of polyunsaturated acids typical of glycerolipids of vegetable origin,
points to the presence of an oxidized drying oil [29]. Traces were detected in both samples
SG_30 and SG_44, but the chromatographic profile does not allow the determination of
its nature, while relatively higher amounts were detected in samples SG_37c and SG_43
(SG_43 being a sample collected from the relief base for the application of gold leaf from
the vault).

The analysis of the lipid–resinous fraction also evidenced the presence of a Pinaceae
resin given the identification in the chromatogram of trimethylsilyl esters of dehydro-abietic
acid and 7-oxo-dehydroabietic acid [21]. These are clearly visible in the chromatogram of the
SG_43 sample (Figure S2), but detectable in the chromatograms of all the samples, except for
sample SG_41C, due to an analytical interference which compromised the silylation reaction.

3.2. Lacunae, Retouched and Restored Areas

An extensive presence of paraffin was found in all the samples taken from Panels
A, D and E, characterized by a series of linear alkanes with an number of carbon atoms
higher than 25, and with a “Gaussian” shape [23,30] (Figure 7). Interestingly, paraffin was
also found in samples taken from Panel E for the characterisation of the original binder,
although it showed a different chromatographic profile and was particularly abundant in
samples SG_30 and SG_44 (Figure 8). Paraffin was detected in all samples from Panel A,
with the exception of sample SG_43.
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Figure 7. Total Ion Current (TIC) Chromatogram of sample SG_18A after methyl ester derivatization
(ME). IS: internal standard: nonadecanoic acid–ME; di-FA9: azelaic acid–ME; di-FA10: sebacic acid–
ME; FA14: myristic acid–ME; FA16: palmitic acid–ME; FA18:1: oleic acid–ME; FA18: stearic acid–ME;
Cn linear aliphatic hydrocarbon with n atoms of carbon.

 

Figure 8. Chromatographic profiles of the ion extracted with m/z 85 for samples SG 44 and SG 30.
Cn indicates a linear aliphatic hydrocarbon with n atoms of carbon.

A glycerolipid material was detected in samples SG_18A, SG_27A, SG_28A and SG_32,
based on the identification of saturated monocarboxylic fatty acids (palmitic and stearic)
and dicarboxylic acids (sebacic, azelaic and suberic acids) (Figure 6). The chromatographic
profile, and in particular the relatively high content of dicarboxylic acids, indicates the
presence of a siccative oil [29]. Moreover, SG_18A and SG_32 still present oleic acid, a
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monounsaturated fatty acid generally still present in not completely mature oil paint films.
Its presence suggests that the drying oil found in the samples is most likely a later material
rather than an original one used by Saturnino Gatti.

Myristic acid, a saturated fatty acid naturally present in many vegetable lipid materials,
is ubiquitous. Its relative abundance in the chromatographic profile strongly suggests that
it is not derived from the drying oil, but it could be present as an additive (such as a
surfactant or emulsifier).

A plant resin of the Pinaceae family was identified in samples SG_27 (both yellow and
orange) and SG_32, based on the detection of abietic acid and its oxidation products [21]
(dehydroabietic acid, 15-oxo-dehydroabietic acid and 7-oxo-dehydro-abietic acid). This
terpenoid material, not traditionally used as a binder in wall paintings, could be present as
an additive of the binder used for retouching or in oil-resinous coatings. The presence of
abietic acid also emphasises that the painting is relatively fresh and therefore not of the
same period as the creation of the painting cycle.

Synthetic polymers were also found. In particular, an oil-modified alkyd-based resin
was identified in samples SG_28A and SG_45A, based on the detection of orthophthalic
acid, benzoic acid, glycerol and a drying oil [12]. An acrylic-styrene resin was identified in
sample SG_21B, thanks to the main presence of styrene, butyl acrylate, n-butyl methacrylate
and α-methylstyrene [31,32].

These synthetic materials are likely present as binders of the paints used for the
reintegration, being amongst the most used contemporary paints.

For the identification of possible proteinaceous and polysaccharidic fractions remain-
ing from the original binder, the samples were also subjected to analysis with Py-GC-MS in
Double Shot mode (350–650 ◦C) as described in the literature [33]. The analyses were not
conclusive, however, as the typical markers of the proteins present in casein or egg-based
paints were not detected. This aspect could be linked to natural aging and cross-linking
processes, as well as to the interference due to the inorganic component of the samples and
the many materials used in restoration and painting reintegration.

In conclusion, it can be stated that the samples under investigation appear to have
been taken from areas that were significantly, if not completely, repainted. Therefore, it was
not possible to identify the original organic binder, while the composition of the different
paints used for reintegration was clarified.

4. Conclusions

The analysis of organic materials revealed the presence of a variety of natural and
synthetic materials, indicating numerous interventions during the years.

It is difficult to establish the binding media of the original painting layers, due to
extensive contaminations and co/presence of many sources of organic materials, both of
natural and synthetic origin. Despite this, the presence of proteinaceous material, most
likely egg, was observed in the samples coming from the vault, suggesting the use by
Saturnino Gatti of an egg tempera, at least in some areas.

A siccative oil was detected and clearly identified in several samples collected near
some lacunae together with synthetic resins, suggesting that this is a restoration material.
Additionally, terpenic materials and alkyd resins were detected near/close to lacunae and
retouched areas, and they could be associated with the use of the so-called «colori da
ritocco» [27], which are paints specifically designed to be used for retouching paintings in
restoration interventions.

Beeswax and more than one type of paraffin wax were extensively detected in the
sections of the wall paintings analysed.

In conclusion, the results obtained from the organic analyses provided a great deal of
information regarding the materials presumably used in the creation of the pictorial cycle,
as well as in the various phases of reworking and restoration that took place over the years
(testifying also the importance of the pictorial cycle and the desire to preserve it over time).
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Together with the results obtained from the various analytical techniques presented in
this Special Issue, the knowledge relating to this unique pictorial cycle has been expanded,
and will certainly be put to the best use for its conservation and valorisation.
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Abstract: This work presents the results of a microclimatic analysis in the church of San Panfilo in
Tornimparte, in the Abruzzo region, Italy. The church of San Panfilo, dating from the XII–XIII century,
preserves in the presbytery some marvelous frescoes of Saturnino Gatti (1494). A measurement
campaign was organized from February 2021 to April 2022 with the aim of investigating the micro-
climate inside the church in view of the organization of fresco restoration. The monitoring activity
was performed with intensive measurements on specific days during the year and with continuous
measurements throughout the whole year. The main microclimatic parameters, relative humidity
and temperature, were monitored in various sites inside and outside the church. Some physical
quantities, such as dew point temperature, dew point spread and specific humidity, were computed
from measured data. Measured and computed data permitted to evaluate the daily and monthly
values, their evolution during the year, the daily fluctuations and delay times caused by the building.
The resulting discussion allowed to identify potentially dangerous events for the conservation of the
frescoes. Moreover, the historic climate inside the church was detected.

Keywords: microclimate; cultural heritage conservation; historic church; indoor environmental
monitoring

1. Introduction

Some historic buildings have miraculously been preserved to the present day, over-
coming many adversities such as wars, fires and earthquakes. In addition, some historic
buildings preserve wonderful artworks that amaze, comfort and delight people who can ad-
mire them. The conservation of artistic and cultural heritage is therefore a duty; moreover,
due to the proximity of beauty, it is also an enjoyable commitment for professionals.

The aim of studying microclimate for cultural heritage is to investigate the environ-
mental conditions around a work of art and to individuate critical and dangerous condi-
tions [1,2]. In fact, works of art can be conserved over time if the surrounding environment
does not favor the processes of degradation. Microclimatic monitoring is therefore essential
to know the environmental situation and possibly to propose solutions or improvements in
order to promote conservation.

In order to establish safe ranges in microclimatic variability, some standards have been
proposed, such as UNI 10829 [3] and EN 15757 [4]. The UNI 10829 standard established the
methodology to evaluate the microclimate and suggested the range of variability for micro-
climatic parameters in order to properly preserve artworks. This norm has the advantage
of giving practical guidance in organizing a measurement campaign and in fixing the safe
zone using threshold values for 33 classes of artworks; its disadvantage lies in the rigid safe
ranges that are not applicable in every environment. The EN 15757 standard overcame this
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difficulty with the definition of the historic climate that considers the environment condi-
tions where the works of art are acclimatized. In order to compare different microclimatic
conditions, several indexes have been defined (such as [5–7]); they are easily computed
using more than one microclimatic parameter and provide comprehensive information
about different sites. Despite the availability of these useful instruments, the debate around
safe zones is still open.

Historical buildings and churches have conserved ancient artworks for centuries,
and they are themselves cultural heritage. Their indoor microclimates are favorable to
conservation mainly as the thermal inertia of their massive thick walls mitigates external
fluctuations. In the last 30 years, many historic buildings have been monitored and studied
(among others, [8–13]) with the aim to investigate the microclimatic conditions and to
suggest improvements to restorers. Recently, the microclimate inside small and ancient
churches preserving priceless heritage [14–16] has been analyzed.

In this work, we present the monitoring campaign performed in the church of San
Panfilo in Tornimparte (L’Aquila, Italy) with the aim of detecting the microclimatic situation
and identifying any critical conditions for conservation.

The parish church of Tornimparte dates back to the second part of the XII century
or the beginning of the XIII century, and during its long history, it underwent profound
renovations as a consequence of earthquakes and fires. The church now presents four naves
with some altars and a painted deep apse.

Saturnino Gatti depicted the cycle of frescoes in the apse from 1491 to 1494 [17,18].
The cycle includes a representation of the glory of God in the vault and scenes of the
Christ’s passion and resurrection on the side walls. In the central part of the apse, it is likely
that the crucifixion was represented, but the scene was lost in 1922 with the opening of
a window [18].

In lateral naves, some frescoes, paintings and statues are preserved; moreover, outside
the church, part of the external portico is frescoed with medieval paintings on the external
church walls and with a Madonna and Child in the lunette above the main door.

In this work, the monitoring activity is described, and the results are discussed.
Monitored physical quantities were temperature and relative humidity inside and outside
the church. The monitoring period lasted 15 months in order to identify hourly, daily and
seasonal variability in measured data.

This paper contributes to the Special Issue “Results of the II National Research project
of AIAr: archaeo-metric study of the frescoes by Saturnino Gatti and workshop at the
church of San Panfilo in Tornimparte (L’Aquila, Italy)” in which the scientific results of II
National Research Project conducted by members of the Italian Association of Archaeome-
try (AIAr) are discussed and collected. For in-depth details on the aims of the project, see
the Introduction of the Special Issue [19].

2. Materials and Methods

2.1. San Panfilo Church in Tornimparte

San Panfilo church (latitude: 42.28864◦ N, longitude: 13.30136◦ E) is located in the mu-
nicipality of Tornimparte, province of L’Aquila, Abruzzo region, in central Italy (Figure 1).
San Panfilo church is an isolated building arranged along the south–north direction with
the main facade facing north and the apse facing south (Figure 2). The church faces a large
churchyard, is enclosed by a wall, and the facade is preceded by a portico. The building is
not symmetric; in fact, it presents four naves with a main central nave aligned from the
main door to the presbytery, a lateral nave on the left and two lateral naves on the right.

148



Appl. Sci. 2023, 13, 6770

 

Figure 1. (a) Localization of San Panfilo church in Tornimparte in central Italy and (b) in Abruzzo region.

Figure 2. Church plan: (a) sites on spatial grid for intensive measurements (black points and lines);
(b) positions of instruments for continuous monitoring (red points).

A wooden balustrade borders the presbytery, which is furnished with a stone altar,
the seat of the celebrant and the concelebrants, a wooden crucifix on a wrought iron base
and a glass showcase near the central window containing a silver processional cross from
the 1600 s. The choir is located inside the church, above the main door.

Light through window glasses illuminates the church: a series of windows are in the
upper walls of main nave, three windows in the lateral walls and two windows in the apse
on the left side and in the center. An artificial lighting system was recently installed; it
consists of a number of LED lights over the column capitals. In the church, the air exchange
is guaranteed through the main door and through the opening of two lateral windows in
the external walls.
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The church is equipped with a heating system; nevertheless, it was turned off during
the whole monitoring activity. Parishioners frequent San Panfilo: the church is used for
Sunday liturgy and for services related to funerals and weddings.

2.2. Monitoring Campaign

Monitoring activity started in February 2021 and ended in April 2022. The two main
microclimatic parameters, temperature and relative humidity, were measured inside and
outside the church. The monitoring activity was organized into two main phases: intensive
measurements and continuous measurements.

Intensive measurements were performed on specific days (18 February 2021, 6 July
2021, 22 November 2021, 22 April 2022) chosen along the year with the aim to inspect
in detail the situation inside the church through the seasons. Temperature and relative
humidity were measured two times a day (in the morning and early afternoon) at two
vertical levels (1.2 m and 2.0 m from the floor) on a regular grid (Figure 2a).

On 22 April 2022, some additional measures of temperature and relative humidity
were performed at four levels from the floor (0.5, 1.2, 2.0, 3.0 m) in the apse. Moreover, on
22 November 2021 and 22 April 2022, the apse wall temperature was measured with an
infrared thermometer.

Continuous measurements were performed from 20 February 2021 to 18 April 2022
in several sites in the church and two sites outside the church (Figure 2b, Table 1) at a
monitoring frequency of one datum every 10, 15 or 60 min. The apse was monitored using
two sensors placed on the glass showcase (positions 1 and 2), two sensors tied to the crucifix
(positions 3 and 4) and three sensors placed near the walls on two little shelves (positions
8bis, 13, and 14). In the main nave the monitoring sites were at the balustrade (positions 5
and 6), on the pulpit (position 7), on the first column capital (position 8) and on the choir
(positions 9 and 10). The outdoor environment was monitored using a sensor below the
external portico (position 11) and near the meteorological station located at Colle San Vito
(latitude: 42.290639◦ N, longitude: 13.289556◦ E) at a distance of about 1 km from San
Panfilo church. This station is managed by the Centro Funzionale and Ufficio Idrografico
of Regione Abruzzo.

Table 1. Positions of sensors during continuous monitoring.

Positions
(Figure 2)

Site
Height from The

Floor (cm)

Acquisition Time
Intervals
(Minutes)

Acquisition Time Period Instrument

1 case (left) 86 10 20 February 2021 to 18 April 2022 HOBO-UX100-011

2 case (right) 86 10 20 February 2021 to 18 April 2022 HOBO-UX100-011

3 crucifix (bottom) 110 10 20 February 2021 to 18 April 2022 HOBO-UX100-011

4 crucifix (top) 207 10 20 February 2021 to 7 April 2022 HOBO-UX100-011

5 balustrade (left) 56 10 20 February 2021 to 18 April 2022 HOBO-UX100-011

6 balustrade (right) 56 10 20 February 2021 to 18 April 2022 HOBO-UX100-011

7 pulpit 214 10 20 February 2021 to 18 April 2022 HOBO-UX100-011

8 column 240 10 20 February 2021 to 22 November 2021 HOBO-UX100-011

8bis apse (right) 328 10 22 November 2021to 18 April 2022 HOBO-UX100-011

9 choir (left) 278 10 20 February 2021 to 18 April 2022 HOBO-UX100-011

10 choir(right) 278 10 6 July 2021 to 18 April 2022 HOBO-UX100-011

11 portico 268 10 20 February 2021 to 30 March 2022 HOBO-UX100-011

12
colle San Vito

meteorological
station

/ 15 20 February 2021 to 18 April 2022 /

13 apse (right) 328 60 1 February 2021 to 31 January 2022 Testo 175-H2

14 apse (left) 315 60 1 February 2021 to 31 January 2022 Testo 177-H1
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Some microclimatic parameters such as specific humidity, dew point temperature and
dew point spread were computed from temperature and relative humidity data.

2.3. Instrumentation

The intensive measurements of temperature and relative humidity were made using a
portable thermo-hygrometer (manufactured by Testo Spa, model 625, Settimo Milanese,
Milan, Italy, Figure 3a), whereas the wall temperature was measured with a infrared
thermometer (manufactured by Fluke, model 62 Mini, Everett, WA, USA, Figure 3b). The
continuous measurements were collected using eleven thermo-hygrometers (manufactured
by Onset, model HOBO-UX100-011, Bourne, MA, USA, Figure 3c) working at the frequency
of one datum every 10 min and two thermo-hygrometers (manufactured by Testo Spa,
models 177-H1 and 175-H2, Settimo Milanese, Milan, Italy, Figure 3d) at the frequency of
1 datum every 60 min. The temperature and relative humidity accuracy, resolution and
range of the used sensors are summarized in Table 2.

Figure 3. Instruments: (a) Testo 625 thermo-hygrometer, (b) Fluke 62 Mini infrared thermometer,
(c) HOBO-UX100-011 thermo-hygrometer, and (d) Testo 175-H2 thermo-hygrometer.

Table 2. Instruments description.

Instrument
Temperature

Accuracy (◦C)
Temperature

Resolution (◦C)
Temperature
Range (◦C)

Relative
Humidity

Accuracy (%)

Relative
Humidity

Resolution (%)

Relative
Humidity
Range (%)

HOBO-UX100-011 0.21 0.024 −20 to 70 2.5 0.05 1 to 95

Testo 625 0.5 0.1 −10 to 60 2.5 0.1 0 to 100

Fluke 62 Mini 0.5 0.2 −30 to 500 - - -

Testo 177-H1/175-H2 0.5 0.1 −20 to 70 3.0 0.1 0 to 100
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2.4. Computation of Specific Humidity, Dew Point Temperature, and Dew Point Spread

Specific humidity is defined as the ratio between the mass of water vapor and the
mass of moist air. In microclimatic analysis this physical quantity is useful to recognize
the presence of evaporation, condensation, the path of an air mass, leakage, window
openings and the presence of people [1]. Specific humidity (SH) was computed using the
following formula:

SH = 0.62197· e
p − e

100

where e is the vapor pressure and p is the pressure at the altitude of Tornimparte. The vapor
pressure e was computed using the equation:

e =
RH ·ew

100

with RH representing relative humidity and ew representing the saturation vapor from
Bolton parametrization [20]:

ew = 6.112 · exp
(

17.67·T
T + 243.5

)

where T is the measured temperature (◦C).
The dew point temperature is defined as the temperature to which a parcel of moist

air must be cooled at constant atmospheric pressure and constant water vapor content in
order for saturation to occur. Dew point temperature (Td) was computed using the relation:

Td = b
a·T + (b + T)·log

(
RH
100

)

a·b − (b + T)·log
(

RH
100

)

where a = 7.5 and b = 237.3 ◦C are the Magnus and Tetens coefficients for vapor in equilib-
rium with the liquid phase [1].

Dew point spread is computed as the difference between the temperature and the dew
point temperature. It shows how close or far the air temperature is from the dew point
temperature. In conservation science, the dew point spread gives information about the
possibility of condensation over the surfaces.

3. Results

3.1. Intensive Monitoring

The analysis of intensive monitoring data was carried out considering the horizontal
fields of micrometeorological parameters at 1.2 m and 2.0 m from the floor (Section 3.1.1)
and the vertical profiles measured in the apse (Section 3.1.2).

3.1.1. Analysis on a Horizontal Spatial Grid

Measured data on temperature and relative humidity and computed values for specific
humidity and dew point spread were used to obtain the horizontal fields. A total of 52 hori-
zontal maps were examined. The results on 6 July 2021 and 22 November are representative,
respectively, of the summer and winter seasons and are shown in Figures 4 and 5.

Results show that values of temperature, specific humidity and dew point spread
inside the church are homogeneous and depend on seasonality. Relative humidity values
belong to the same range (about 60–67%) in every season but not in summer, when the
relative humidity values are lower than 55% (Figures 4b and 5b).
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Figure 4. (a) Temperature, (b) relative humidity, (c) specific humidity and (d) dew point spread at
2.0 m from the floor on 6 July 2021 at 9:00 UTC+1.

Figure 5. (a) Temperature, (b) relative humidity, (c) specific humidity and (d) dew point spread at
1.2 m from the floor on 22 November 2021 at 14:30 UTC+1.

In February, November and April, the horizontal variability for temperature is lower
than 0.5 ◦C; for relative humidity, it is lower than 2.5%; for specific humidity, it is lower
than 0.25 g/kg; for dew point spread, it is lower than 0.5 ◦C. Therefore, the horizontal
maps show values depending on seasonality, but the amplitude of scale is the same. In July,
the microclimatic horizontal variability is higher (1.1 ◦C for temperature, 7.8% for relative
humidity, 2.2 g/kg for specific humidity and 2.1 ◦C for dew point distance) as a consequence
of some values near the main church door on the left measured in the morning (Figure 4).
In this area, a review of instability has reported the presence of moisture infiltrations.

In the presbytery, the horizontal variability in microclimatic parameters is very low
(0.3 ◦C for temperature, 1.8% for relative humidity, 0.4 g/kg for sensible humidity and
0.6 ◦C for dew point distance), close to instrument accuracy.

The comparison between morning and early afternoon data shows that the variability
is higher in the morning and lower in the early afternoon.

3.1.2. Vertical Profiles

Vertical profiles of temperature, relative humidity and specific humidity in the pres-
bytery, as measured on 22 April 2022 (Figure 6), show very low variability. In the seven
positions in this area, the vertical profile is relatively constant. The vertical homogeneity in
temperature, relative humidity and specific humidity is a consequence of air well mixing.
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Figure 6. (a) Positions of the vertical profiles, (b) temperature profiles, (c) relative humidity profiles
and (d) specific humidity profiles on 22 April 2022 at 14:30 UTC+1.

Fresco surface temperature was measured on 22 November 2021 and 22 April 2022 with
an infrared thermometer. In both cases, the temperature values show a vertical profile with
lower values at the ceiling and higher ones near the floor (Figure 7). Moreover, the walls
exposed to the outside (left side in Figure 7) are characterized by lower temperature values
in comparison with walls facing south or bordering the rectory (right side in Figure 7).

3.2. Continuous Monitoring

The monitoring activity involved the analysis of data collected inside the church at
twelve sites (Figure 2b) and two sites outside the church, one below the portico and a
second at the meteorological station of Colle San Vito.
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Figure 7. Apse wall temperature on 22 April 2022 at 14:30 UTC+1.

3.2.1. Apse Data Overview

In the apse, the temperature is modulated by seasonality, with the highest values in
August and the lowest in February. In addition, it is influenced by meteorological events
and, inside the church, by the presence of people during the weekly Sunday service. The
overlapping of seasonality (time scale of one year), meteorological events (time scale of
one week) and people during the services (time scale of one hour) is recognizable in data
collected in the apse near the walls and in the central side (Figure 8a). The air in the central
part of the apse (crucifix top, green line in Figure 8a) shows more influence from people
with respect to the air near the wall (orange line in Figure 8a). In fact, air temperature near
the wall is influenced by the wall temperature itself, which varies slowly as a consequence
of the walls’ high thermal capacity.

 

Figure 8. (a) Temperature at crucifix top (green line) and apse near wall right (orange line);
(b) temperature on the case (blue line); (c) relative humidity at the crucifix top (green line) and
on the case (blue line); (d) specific humidity at crucifix top.
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The sensors over the glass showcase near the central window of the apse measure
temperature values similar to those recorded near the crucifix with, in addition, a number
of spikes from October to March (Figure 8b).

Relative humidity can vary inside the church in the range of 30–80%. The sensors on
the glass showcases recorded negative spikes of about 12% in conjunction with temperature
peaks (Figure 8c).

Specific humidity has been computed from temperature and relative humidity (Figure 8d).
The time series show, as expected, high values in summer and low values in winter due to
seasonality. In addition, variations due to meteorological events and increased values during the
weekly services are present. In fact, respiration and transpiration produce moisture whose
quantity depends on the environmental temperature and the physical activity of people [1].
In the specific humidity time series collected on the showcase, the spikes that appear in
temperature and relative time series are not present.

3.2.2. Spikes Analysis

As mentioned in the previous section, some spikes in temperature and relative humid-
ity were monitored at the showcase position. An inspection of data collected in the main
nave reveals the presence of spikes in some positions during several periods in the year. In
particular, abrupt variations in temperature and relative humidity were measured at the
left balustrade and on the choir surface both on the left side and right side.

On the showcase, the spikes occurred during winter (from September to April) at the
same day time (12:00–13:00 UTC+1) with a variation of temperature of about 3 ◦C and
of relative humidity of about 12% and a time rising of more than 1 h (Figure 9a,b). As
mentioned before, the specific humidity did not vary.

 

Figure 9. (a) Temperature on the case and at crucifix top on 18 and 19 January 2022; (b) relative
humidity on the case and at crucifix top on 18 and 19 January 2022; (c) temperature at the choir from
12 to 14 September 2021; (d) relative humidity at the choir from 12 to 14 September 2021.
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Near the left balustrade, spikes in temperature and relative humidity are recorded
during two periods: from 19 August to 10 September and from 3 to 15 April at about the
same day time (from 07:30 to 07:50 UTC+1). The intensities of peaks were, respectively, in
the range of 2.1 ◦C to 3.0 ◦C and 8% to 10% with a rising time of 20 min.

On the right and left side of the choir, the peaks in temperature and relative humidity
were detected in four periods during the year that are not always overlapping. As shown
in Figure 9c,d, in the period 12–14 September, some peaks occurred in temperature and
relative humidity on the right choir side but not on the left side. The daytime peak was
always in the afternoon (from 14:00 to 15:10 UTC+1) on the choir’s left side and in the
morning (from 09:00 to 09:50 UTC+1) on the choir’s right side with a rising time of 20 min.
The intensity of these temperature peaks ranged from 6 ◦C to 12 ◦C, and the intensity of
relative humidity peaks was from 15% to 30%. At the same time, the specific humidity
values were subject to small positive peaks.

The timing in temperature and relative humidity peaks and the church window
positions suggest that the peaks can be due to the presence of direct radiation on the
surfaces. In particular, the glass showcase is exposed to solar radiation through the central
apse window in the central day hours in winter when the sun is low on the horizon. The
right size of balustrade and the choir are exposed to solar radiation in the morning or in
the afternoon on different months of the year as a consequence of the different positions of
windows on the lateral side of the apse and the main nave.

3.2.3. Psychrometric Diagrams

The microclimatic conditions at the different positions are summarized in psychromet-
ric diagrams as shown in Figure 10, where the point cloud represents the air conditions
and the red perimeter identifies the values permitted by the UNI standard [3] for frescoes
(temperature ranges from 10 ◦C to 24 ◦C and relative humidity ranges from 55% to 65%).
The comparison between the microclimatic conditions at the crucifix top (Figure 10c) and
the same physical quantities outside the church below the external portico and at the
meteorological station of Colle San Vito (Figure 10a,b) shows the church’s ability to limit
extreme temperature values and prevent cases of air saturation.

The ancient stone walls, with their great thermal capacity, adsorb heat in the warm
season and release it in the cold one, resulting in moderate excursions in temperature under
the external portico with respect to ones at the meteorological station of Colle San Vito, and
even more moderate temperature values inside the church.

Likewise, the church building limits the exchange of moisture. Under the portico,
the saturation air condition never occurred, and inside the church, relative and specific
humidity were, respectively, never greater than 80% and 12 g/kg. The frescoes under the
portico and the Madonna and Child in the lunette on the main church door were therefore
not affected by condensation events on the surfaces.

Moreover, the church building limits the microclimatic states close to the intervals
recommended by the norms. In fact, in Figure 10c, the points representing the microclimatic
condition inside the church are concentrated close to the perimeter that identifies the
conditions recommended by the UNI 10828 standard [3].

The dew point spread is defined as the difference between temperature and dew
point temperature; it is an important physical quantity in microclimatic analysis as it gives
information about saturation danger. If the dew point spread is close to 0 ◦C or lower,
condensation can occur; otherwise, its value gives information about the distance from the
saturation condition. In the presbytery, the air condition is always far from condensation
(Figure 11a), whereas under the portico (Figure 11b), dew point spread is lower but it is
always positive.
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Figure 10. Psychrometric chart (a) at San Vito meteorological station, (b) outside San Panfilo church
below the external portico and (c) inside the church at the crucifix top. The red perimeter identifies
the conditions permitted by the UNI 10828 standard.
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Figure 11. (a) Dew point spread at crucifix top and (b) dew point spread below the external portico.

3.2.4. Daily Averages

In order to compare indoor and outdoor temperature, the daily averages have been
computed during the whole campaign period (Figure 12). The measured data at the crucifix
top are chosen as representative of the indoor conditions, measured data under the external
portico represent the environment near the church building and the measurements at the
meteorological station of Colle San Vito describe the outdoor conditions. The mean daily
excursion in temperature at the meteorological station of Colle San Vito in unperturbed
conditions is 10.5 ± 3.5 ◦C, near the church it is 5.2 ± 2.0 ◦C and inside the church it
is reduced to 0.8 ± 0.6 ◦C. Outdoor daily temperatures near the church building and at
the meteorological station have the same trend, and, as expected, the temperature values
measured under the portico are slightly higher than the ones at the meteorological station.
Daily averaged temperature in the apse has lower fluctuations as the thermal capacity
of the building is able to filter temperature variations due to meteorological events. In
summer, the temperature values inside the church represent the averaged state of outdoor
temperature, whereas in the cold season, it has higher values as a consequence of adsorbed
heat during the summer.

 
Figure 12. Daily temperature inside the church (red), outside below the external portico (black) and
at the S. Vito meteorological station (blue).

Cross-correlation between daily temperature under the portico and inside the church
reveals that the maximum correlation (R = 0.97) is reached with a delay time of 3 days.
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3.2.5. Monthly Averages

The average values of temperature were computed for each month as mean of daily
data for both outdoor and indoor (Figure 13). The annual trends show that, in general,
the temperature below the portico is always higher than one at the meteorological station;
moreover, in general, indoor temperature in the apse is higher than the temperature below
the portico except during May, June and July. The scatter diagrams (Figure 13b,c) between
indoor and outdoor monthly temperatures show the typical behavior of ancient and thick
walls [8] absorbing heat during the summer and releasing it during the winter. In San
Panfilo church, the internal heat sources are the people and the lighting system.

 

Figure 13. (a) Temperature monthly averages inside the church (red), below the external portico
(black) and at the S. Vito meteorological station (blue); (b) scatter diagram with inside and outside
(portico) monthly temperature; (c) scatter diagram between inside and outside (meteorological
station) monthly temperature.
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3.3. Historical Climate

The EN 15757 standard [4] provides a methodology to individuate the historical
climate of works of art and to identify the risky conditions. It considers a dataset of relative
humidity collected at 15 min sampling time during a period of 13 months. The distribution
of fluctuations of relative humidity data with respect to the centered moving average
(30-day time window) are computed, and the 7th and 93rd percentile are individuated.
The standard establishes a safe band between the 7th and 93rd percentiles and a risky area
outside this interval.

The historical climate is useful information for maintaining works of art in favorable
microclimatic conditions for conservation. In particular, the historical climate should be
preserved during restoration projects, avoiding abrupt fluctuations.

In order to characterize the historical climate inside the church and, in particular, in
the apse, the EN 15757 procedure was applied to the time series collected at the crucifix top
(Figure 14a,b). Unfortunately, the sensors near the walls (positions 13 and 14 in Figure 2b
and Table 1), where Saturnino Gatti painted the frescoes, measured relative humidity for 12
months and at the sampling time of 60 min, so the methodology cannot be strictly applied.
If the procedure is applied in these non-standard conditions, the results in Figure 14b–d
are obtained. The two trends in the center of the apse and near the walls are similar, with
slightly more variable relative humidity data near the walls with respect to the center of
apse, as a consequence of the exchange in humidity with the walls. The identified historical
climate in the apse could be useful for restorers during the next restoration work.

Figure 14. Historical relative humidity variability according to EN 15757 standard, in the figures red
lines and curves show the 7th and 93rd percentiles; (a) distribution of relative humidity fluctuations
at crucifix top site; (b) relative humidity variability at the crucifix top side (green line); (c) distribution
of relative humidity fluctuations in the left side of the apse; (d) relative humidity variability at the left
side of the apse (brown line).
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4. Conclusions

The microclimate inside the church of San Panfilo in Tornimparte has been monitored
in a measurement campaign that lasted 15 months from February 2021 to April 2022. The
analysis was performed with intensive measurements on four days during the year and
with continuous measurements at twelve sites inside the church and two sites outside
during the whole period. Temperature and relative humidity were measured, whereas
sensible humidity, dew point temperature and dew point spread were computed.

During the whole monitoring campaign, the church was routinely used by the people
of Tornimparte for Sunday services and occasionally for funerals and weddings, so the
environmental conditions were influenced by the presence of people, whereas the heating
system did not modify them as it was turned off.

The intensive measurement data show horizontal homogeneity in temperature, relative
and specific humidity, with one exception in summer, when more moisture is revealed near
the main door on the left, likely due to moisture infiltrations in the wall. In the presbytery,
the air is well mixed, and the wall temperature is lower near the roof and higher on the
southern side in correspondence with the adjacent rectory.

The continuous data analysis provides evidence that direct solar radiation through
windows on surfaces increases air temperature and decreases air relative humidity. The
surfaces in the presbytery that are exposed to solar radiation through the central and
lateral windows may increase their temperature; in particular, on the glass showcase on
the presbytery, the temperature variation is about 3 ◦C in about one hour. Temperature
variations inside the showcase (not measured), as a consequence of the greenhouse effect,
are expected to be greater. The authors suggest to consider the eventuality of moving
the glass showcase containing the silver processional crucifix to a protected position from
direct solar radiation.

In the church, there is no danger of condensation as the dew point spread is always
greater than 3 ◦C; below the external portico, condensation conditions are more likely,
although they have never occurred throughout the year.

Church walls, as a consequence of their thermal capacity, reduce the variability in
temperature, relative humidity and specific humidity. The measured values are close to the
recommended ones by the UNI 10828 standard [3] for frescoes. Thick and massive walls
reduce daily temperature fluctuations and introduce a delay time of about three days.

The comparison between average monthly indoor and outdoor temperatures shows
that air inside the church is warmer than outside in the months from August to April,
while it is characterized by lower temperatures in the months of May, June and July. This
behavior is typical of ancient buildings with thick walls and has been identified in massive
historical churches [8].

The application of the EN 15757 standard [4] allows to supply to the restorers the
range of historical variability of relative humidity that should be respected during the
restoration project.
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Featured Application: Non-destructive testing techniques, namely sonic pulse velocity, hygro-

metric tests, and infrared thermography, were employed for inspecting late XV-century frescoes

to evaluate the state of conservation of the plaster-masonry structure.

Abstract: Prior to restoration work, the frescoes created at the end of the XV century by the painter
Saturnino Gatti (1463–1518) in the apse of the Church of St. Panfilo in Villagrande di Tornimparte
(L’Aquila) were the subject of a thorough diagnostic study involving several tests, from in situ non-
destructive analysis to laboratory micro-destructive analysis on the collected samples. In this paper,
we report the application of the sonic pulse velocity test, hygrometric tests, and infrared thermography
to assess the state of conservation of the frescoes, i.e., the combined system of plaster and wall support.
The complete analysis of the frescoes’ state of conservation revealed significant insights. The integrity
of the plaster was evaluated through sonic pulse velocity tests, which highlighted several areas
of detachment or degradation phenomena. Hygrometric analysis described humidity variations,
particularly near the boundary between the conch area and the church naves. Passive infrared
thermography detected temperature inhomogeneities, emphasizing differences in the wall texture
and the masonry structure. Moreover, by comparing sonic pulse velocity and passive thermography
images, a certain degree of correlation between hot areas and slow areas in the presence of possible
detachments was noticed. In addition, pulse-compression active thermography was applied in
a few spots, and for the first time, to the best of our knowledge, the virtual wave concept was
applied to the cultural heritage field. This strategy helps in better associating anomalies with depth.
The measurement campaign was part of a research project conducted by members of the Italian
Association of Archaeometry (AIAr), and the results were compared and integrated with those of
other non-destructive and analytical methods.

Keywords: frescoes; non-destructive testing; heritage science; sonic pulse velocity; hygrometric tests;
infrared thermography

1. Introduction

Archaeometry analysis is increasingly used as a preliminary step for restoration
interventions on cultural heritage (CH) items such as historic frescoes. Over the years,
several non-destructive testing (NDT) and micro-destructive methods have been tailored,
combined, and used to support restoration interventions [1,2].

The state of preservation of a fresco and the choice of the most suitable restoration
procedure depends on the evaluation of many aspects, from the historical analysis of the
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artwork to the study of execution technique and materials used, and to the analysis of the
support. The latter is generally a complex stratified system characterized by different
constituent materials and construction techniques. Assessing the state of health and
preservation of such structures is not straightforward, as many parameters are unknown—
for example, the thickness and the number of the various layers, the materials used, etc.

Among the NDT techniques, a few can penetrate the outer layers, the carbonated
surface, and the painting layer, revealing info about the rough coat layer and the support,
although possible detachments, the presence of water, and high humidity values can
represent sources of structural damage and degradation phenomena that can affect the
outer layers.

Sonic pulse velocity (SPV) is a method that uses elastic compression waves generated by
a mechanical impact on the surface of a sample to investigate the materials in depth [3–6]. In
the case of good adhesion between the painting layer and the underneath, and between the
various layers in general, the elastic waves travel faster from the source point to the receiver
points. Conversely, detachments, voids, and discontinuities of the plaster can hamper the
propagation of the elastic waves, resulting in a lower sound propagation velocity.

In addition, by integrating the results of SPV tests with those obtained from other
techniques, detachments, microfractures or lesions, and inhomogeneous areas can be
distinguished [7,8]. A high level of humidity or the presence of water are two other aspects
that can influence the measured velocity. While on the one hand, the presence of water
affects the sonic velocity, causing a general increase [9], on the other hand, this is the
main cause of the degradation of frescoes, leading to a general decrease of velocity [10].
To distinguish between a low velocity due to moisture/water or by detachments/weak
adhesion, complementary information must be acquired.

Even if the hygrometric test (HT) measures the moisture level of the outer layer, usually
a certain degree of correlation between surface and subsurface moisture is present. The
moisture maps can then be superimposed on the SPV ones looking to highlight anomalous
regions. Further, the moisture maps give helpful indications for the conservation and
restoration of the painting layer.

Another NDT technique that is frequently used to assess the presence of water ingress
and the distribution of moisture is infrared thermography (IRT), both in passive (mainly)
and in active modalities [11–13]. Unlike HT, passive IRT produces images that give qualita-
tive information on the wall under analysis, if the boundary conditions allow [14].

It is possible to understand how, similarly to SPV, IRT is sensitive to moisture, detach-
ments, voids, cracks, weak adhesion, buried structures, etc.

In general, in thermograms, such kinds of defects are detected as a rise in the local
temperature, whereas there is a decrease in moisture level. Combining SPV, HT, and IRT can
help distinguish between moisture and detachments, voids, weak adhesion, and other defects.

It should be noted that some of the above-mentioned types of defects cannot always
be detected, as the signal-to-noise ratio (SNR) of passive thermography images relies on
temperature gradients due to environmental sources (i.e., different sun exposure) and on
variations in the emissivity of materials. Active IRT is thus used to increase the SNR by
exciting the sample under testing with a controlled heating source. By active thermography,
larger sensitivities are obtained, even if the range of inspection is smaller than in passive
IRT, and further depth-dependent information can be extracted, which is helpful to study
the stratigraphy of the fresco support. In this way, a more qualitative moisture analysis can
be carried out [15,16].

In this paper, we report the combined application of SPV, HT, and IRT to the frescoes
created by Saturnino Gatti and his workshop between the years of 1491 and 1494 in the
apsidal chapel of St. Panfilo Church in Villagrande di Tornimparte (L’Aquila). These
frescoes illustrate key moments of Jesus’ Passion. Moreover, the ceiling shows images
of God, Angels, and the Blessed in Paradise, and represent a precious example of Italian
Renascence art.
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The measurement campaign was part of a research project conducted by members
of the Italian Association of Archaeometry (AIAr), and the results were compared and
integrated with those of other non-destructive and analytical methods. The scheme method-
ology of data/image acquisitions was affected by strict restrictions due to laws linked to
the COVID-19 pandemic. The research groups worked in a disjointed manner, although
guided by a protocol that described the main activities to do and the timelines.

The results of other non-destructive and micro-destructive analyses on the St. Panfilo’s
wall will be discussed in other articles of the Special Issue “Results of the II National
Research project of AIAr: archaeometry study of the frescoes by Saturnino Gatti and
workshop at the church of St. Panfilo in Tornimparte (AQ, Italy)”. For in-depth details on
the aims of the project, see the introduction of the Special Issue [17].

The paper is organized as follows: in Section 2, the methods used to collect and
process experimental data are reported for SPV, HT, and IRT; in Section 3, the results are
summarized. In Section 4 the results are discussed and conclusions are drawn.

2. Methods

2.1. SPV and HT Data Collection and Imaging Procedure

The sonic investigations exploit propagation in the material of elastic compression
waves generated by a short elasto-mechanical impact on the surface to investigate the
conditions in which the material is in its interior or to localize any inhomogeneities, voids,
and defects in the investigated section [3–6,18].

The SPV is dependent on the physical-mechanical characteristics of the investigated
material. Internal defects, voids, and lower density result in lower velocity values, in-
dicating a poor state of conservation. On the contrary, high velocities indicate good
characteristics and high homogeneity of the material.

The test involves the generation of elastic waves by using an instrumented impact
hammer with a frequency range of 20 Hz–20 kHz through a punctual mechanical impulse,
which is then read by an accelerometer. The value obtained in a sonic test is the time-of-
flight (ToF), which is the time interval taken by the wave to pass through the material
investigated. From the ToF and the length of the path investigated (L), the velocity of the
wave (v) is estimated.

The instrumentation used for this study is a Novasonic U5200 CSD of IMG Ultrasuoni
Srl, consisting of a hammer with a load cell in the impact head, the source of the acoustic
wave. The time–amplitude function of the force applied in the impact is recorded through
a detection system directly connected to the hammer [3,7].

The sonic test is performed in indirect mode; see Figure 1a in which the hammer and
the accelerometer are placed on the same face. SPV was performed according to a specific
survey scheme on the same regular grid of points (Figure 1b), following a horizontal line.
The mechanical impulse point is kept fixed, moving the accelerometer horizontally at
progressively increasing distances from the hammer.

By collecting measurements in a regular grid of points, SPV maps can be visualized
to identify possible critical areas. These SPV maps represent velocity distribution. From
the reference velocity of the investigated material in a good state of preservation, it is
possible to consider the state of degradation of the frescoed masonry by comparing zones at
different velocities. Since the SPV test involves acquiring large data, a management system
for data collection and analysis on-site has been designed, adapting it to the specific survey
campaign [3] (Figure 1c). Moreover, collected data were processed through GIS software
for the graphical representation of the velocity distribution maps.
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Figure 1. Sonic pulse velocity test: (a) on-site investigation, (b) measurement scheme performed
in indirect mode. The + symbol indicates the hammer position, and the blue points represent the
accelerometer position. (c) interactive report page to provide real-time verification of data and analysis.

Likewise, hygrometric tests (HT) of the area were performed punctually, following the
SPV measurement scheme and data processing. HT was carried out using the instrument
Protimeter MMS2 BLD8800 of Allemano Instruments, set on the “pin mode”, to measure
the surface moisture of the painting layer. The instrument measures the moisture content
in WME% in non-conductive solid materials [19]. HT maps were generated by imaging the
punctual values collected to highlight moisture distribution in the frescoed masonry. The
environment measurements were conducted in the study area, with an indoor temperature
of 7–12 ◦C and a relative humidity of 55–60%.

SPV and HT investigations were performed on the frescoed walls of the apsidal conch
of St. Panfilo Church, selecting four areas (panels A, B, D, and E), widely described in [20].

2.2. IRT Data Collection and Imaging Procedure

The IRT tests were performed in both passive and active approaches (see [1]) by using
a 640 × 480 thermal camera (7.5–13 μm, T660 FLIR System). Passive IRT (PIRT) was used to
image frescoes’ support walls and detect potential anomalies. PIRT uses infrared imaging
to capture the natural temperature variations or mappings in materials and structures such
as buildings [14]. Thanks to the rapidity of the passive IRT test, it was possible to collect
images on the whole apse and structures close to it to evaluate the presence of possible
areas with large inhomogeneities. For all the acquisitions, the visible RGB image of the
area was also collected and superimposed to the thermogram to help interpret the thermal
imprints; see Figure 2. During PIRT acquisitions, the thermal camera was handheld, and
the target focused from a distance of around 6 m in a 4 ◦C and 55–60% RH environment.
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Figure 2. Example of passive thermography analysis used to identify the support wall texture. Stones
with irregular shapes can be distinguished behind the fresco.

The active IRT was applied instead to some specific areas to acquire information at
different depths. Two details of the frescoes’ cycle were analyzed, as reported in the following
section. The active IRT tests implemented exploited the pulse-compression thermography
(PuCT) procedure introduced in [21] for the analysis of two Renaissance panel paintings and
then further developed and applied to a variety of historical artworks and mock-ups; see,
for example [22,23]. The peculiarity of the PuCT procedure is combining a long excitation
time, such as in lock-in thermography, with the information content of pulsed thermography.
This is made possible by using a pseudo-noise (PN) heat source (i.e., a heat source that is
switched on and off following a PN signal) and by applying the pulse-compression procedure
to the sequence of thermograms collected during PN excitation. In particular, the temperature
time-sequence of each pixel is correlated with the PN input signal. After the PuCT, the results
of a virtual pulsed thermography experiment are retrieved, and they can be further analyzed
with standard thermography tools. In this way, a high value of SNR can be obtained by using
even low-power excitations. In this work, an 8-LED system with a total electrical power of
400W was used to heat portions of the frescoes. The PN signal modulating the LED system
was generated starting from a Legendre sequence of 31 bits, with a bit duration of 10s [22].
The overall duration of active thermography acquisitions was 620 s, i.e., approximately 10 min,
and the thermogram acquisition rate was 2 frames per second, so each thermal sequence
consisted of 1040 images.

3. Results

3.1. SPV and HT Results

The SPV and HT tests were performed on the frescoed walls of the apsidal conch of St.
Panfilo’s Church, selecting four areas characterized by fractures, infill of the underlying
masonry, and near openings (doors and windows). For each panel, the SPV results are
compared with the hygrometric one through maps obtained from data processing with GIS
software. The point values have been interpolated to provide a 2D false-color map of the
sonic velocity and hygrometric value distribution according to the Spline function. The
maps in false color emphasize the different properties of the masonry and are shown in
Figure 3.
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Figure 3. SPV and HT value distribution maps of (a,b) Panel A; (c,d) Panel B; (e,f) Panel D; and (g,h)
Panel E. The plaster fractures are highlighted in red.
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The sonic velocity of the walls ranges between 0 and 2500 m/s. In most cases, these
values are related to the layer of painted plaster, thus being less representative of the
underlying support masonry. False color maps highlight the different properties of the
masonry. Higher velocity values correspond to well-cohesive plaster that is well-bonded to
the masonry (areas from blue to purple in the maps), while lower velocity values indicate
portions of detached or damaged plaster resulting from fractures (red areas).

In Figure 3a, the average velocity is about 700 m/s. The red area on the lower right
shows lower velocities, which is due to both the detachment of the plaster and a large
discontinuity that starts from the right edge of the window and cuts the masonry.

The HT values show that the humidity of the plaster increases towards the edge that
delimits the conch area from that of the church naves (Figure 3b).

In Figure 3c, the average sonic velocity (v) is around 600 m/s, while in the right
portion, average velocity values of about 370 m/s are recorded. These lower values are
mainly due to a detached portion of the plaster that is located in the central portion of the
investigated area. On the left side, however, where the plaster shows good cohesion to the
masonry, the velocity is higher (average of 850 m/s).

In Figure 3d, the moisture values of the plaster are higher and more homogeneous
(>20 WME%) than in the other areas investigated. This phenomenon is most likely due to
the position of this area relative to the cardinal points; in fact, the wall is exposed to the sun
only in the morning. The area corresponding to the detached portion of the plaster falls
below 10 WME%, in accordance with SPV results.

In Figure 3e, the average sonic velocity is around 370 m/s. This area is affected by
widely detached plaster. Moreover, a discontinuity is visible that divides the opening frame,
probably made from stone, to the masonry and brings a variation of velocity; the right part
has a higher velocity than the left side.

The results of the HT show that the moisture of the plaster increases going down
(Figure 3f). In this area, the humidity value never exceeds 10 WME%, which can most
likely be linked to the presence of numerous detached portions that allow air circulation.
In addition, this wall of the conch communicates with the rooms of the rectory, so it is not
directly exposed outside.

In Figure 3g, the left portion has lower sonic velocity values. On the right side instead,
the velocity is higher (1500 m/s on average). This separation is found in the correspondence
of a discontinuity in the coating plaster, as well as in the masonry itself (highlighted in red
in Figure 3g). Figure 3h illustrates the HT values recorded, which indicate an increase in
the moisture of the plaster in the lower right portion.

3.2. Passive and Active IRT Results

PIRT is useful to identify potential detachments, part of the wall structure, and a
presumable humidity area. Figure 4 shows a part of the apse between two panels of the
frescoes and precisely between the central one and that on the left (between panels A
and B), which is the one with the worst degree of conservation and that was probably
retouched in the past several times. A quite large and abrupt average measured temperature
discontinuity between the central-right side of the apse and the left side can be seen, which
was confirmed by the other images collected.

As mentioned above, this can be due to the position of the left side relative to the
cardinal points, even if at the time of the measurement, the left side was exposed to the sun,
but probably also to differences in the structure that affect the emissivity (e.g., materials,
construction techniques, plaster characteristics, and later works such as the construction
of the sacristy). This difference between the left and right sides is confirmed by the PIRT
images shown in Figure 5 and collected over the same areas imaged with SPV and HT,
reported in Figure 3. The subplots are named according to Figure 3.
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Figure 4. Passive IRT image of the attachment point of panels A and B. An abrupt discontinuity in
the average emitted radiation can be seen.

Figure 5. Passive IRT images of some frescoes’ parts. The subplots (a,c,e,g) are named according to
Figure 3.

In general, large temperature drops that could indicate large voids, anomalous mois-
ture levels, or mass transfer (e.g., water) are not visible, even considering that the measure-
ments were collected in the winter just after a huge snowfall (the church and all the area was
covered by a thick layer of snow). There was also no evidence of severe inhomogeneities,
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moisture, or detachments, as the wall texture was visible in all the images, while large and
long cracks were not. However, the wall texture was more visible on the left side of the
apse, which is also less homogeneous with respect to the measured temperature.

The active IRT focused on two figures of the frescoes cycle. One is the figure that is
going to be slaughtered in the second panel of the frescoes, starting from the left of the
apse (panel A), and the other is the soldier lying at the foot of the tomb in the scene of
the resurrection, which is in the first panel from the right (panel E). These two figures
were chosen since passive IRT images evidenced some inhomogeneous spots on them, and
further, for the soldier, the pictorial layer is significantly damaged, mainly scratched. In
particular, the regions of interest (ROIs) were suggested by an art historian, Dr. Saverio
Ricci, a renowned expert of the art master Saturnino Gatti.

The results of the PuCT experiments are reported in Figures 6 and 7. In particular,
after the PuCT, virtual wave processing was applied [24]. These technique maps the time
thermal signals, i.e., the intensity time trends of each pixel of IRT images, which are due to
a diffusion process, into virtual signals associated to a propagation phenomenon, in which
velocity is related to the thermal diffusivity. In this way, it is possible to estimate the depth
corresponding to a specific image in the sequence after virtual wave application. This was
made by assuming a thermal diffusivity of 0.3 mm2/s. To the authors’ knowledge, this is
the first application of the virtual wave approach to the thermography inspection of CH.

Figure 6. Results of PuCT and PuCT + virtual wave processing for the first area investigated. The red
boxes in the bottom-right images indicate the shape of the bricks, which also barely visible in the
passive IRT image (see Figure 5a). In the case of PuCT + virtual wave the bricks’ shape appear from a
certain value of depth and the maximum contrast is reached for a depth d = 10 mm.
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Figure 7. Results of PuCT and PuCT + virtual wave processing for the second area investigated.
Blue and green curves highlight areas of specific interest. The blue circle indicates an area where a
surface restoration intervention is visible. The thermal response is quite different indeed from the
neighbor area especially at the initial times/depths, as expected from a surface inhomogeneity. The
green curves indicate areas where there is no evidence of surface anomalies, but the thermal images
highlight the presence of a thermal inhomogeneity under the surface.

Figure 6 reports the results for the first ROI. On the left, the VIS and the passive IRT
images are shown, and the right shows some maps of the emissivity vs. time and emissivity
vs. depth reconstructed after the PuCT and the PuCT + virtual wave processing.

In the time sequence of emissivity maps, the pictorial layer is maximally visible at
the beginning, as expected. After some time, the maps are determined by the diffusion
underneath the pictorial layer. However, the transition is smooth. After applying the virtual
wave, the info is better associated with depth. In particular, the figure almost disappears
beyond 2 mm, while other scratches and damages are visible up to 4 mm in depth. Further,
the wall texture becomes clearly visible around 8–10 mm of depth; see the red rectangles
in the right-bottom corner of Figure 6. This gives a measure of the plaster thickness and a
better resolution than the passive IRT image can achieve. Note that a thermal diffusivity of
0.3 mm2/s was assumed.

A similar analysis was done for the soldier figure, the second ROI, which is reported
in Figure 7. The pictorial layer is barely visible in the emissivity maps due to the large
degree of degradation. The wall texture is not clearly visible as well, as found by passive
IRT, but instead, some interesting features were found.

For example, there are two hot spots (green marks in Figure 7) on the top of the
soldier’s forehead, just on the rabbit’s left on the hat, and on the right shoulder. These hot
spots are also visible in the passive IRT image, and with the virtual wave approach, their
depth can be better evaluated.
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4. Discussion and Conclusions

The integration of humidity, sonic velocity, and thermal maps provided complemen-
tary information that enabled the estimation of various critical factors such as detachments,
rising damp, percolation, humidity, and other inhomogeneities, which represent typical
decay phenomena in wall paintings. This comprehensive analysis allowed for the iden-
tification of potential critical areas, emphasizing the need for targeted conservation and
restoration procedures for the wall paintings of St. Panfilo’s Church.

In particular, the SPV is useful to diagnose masonry in a non-destructive way and
deepen the knowledge of the construction characteristics, evaluate the state of conservation,
and provide important information for effective restoration interventions of masonry.

The maps in SPV and HT enabled conservation problems (e.g. surface warping,
painting layer detachments, and humidity distribution) to be evidenced and provided
indications about different properties of the infill wall. These investigations aimed at
assessing the consistency of the plaster coating and locating the possible presence of
detachments, discontinuities, and voids.

The SPV and HT tests highlighted how both microclimatic factors and the different
exposure of the masonry to solar radiation have a significant influence on the conservation
state of the frescoes. Thermal stress can be decisive in generating detachments and fractures
in the painted plaster, as evident from Figure 3a,b. This area near the window is characterized
by humidity inhomogeneities, which also affect the plaster, as indicated by the highly variable
SPV values. On the other hand, the areas whose external walls are less exposed to sunlight
(Figure 3c,d) show higher and relatively homogeneous humidity values.

Regarding passive and active IRT, these techniques give information that can comple-
ment the SPV and HT maps.

By comparing the passive IRT and SPV images, a certain degree of correlation between hot
areas and slow areas in the presence of possible detachments is noticed (see Figures 3 and 5). In
particular, in subplots “e” and “g”, the hottest areas correspond to low-sound velocity areas in
SPV images where possible detachments can be found.

In many IRT images, the wall texture is visible, and in such areas, the presence of
relevant detachments can be excluded. The PuCT active IRT, combined with virtual wave
processing, can give detailed information about the plaster thickness and a better resolution
than the well-known passive IRT approach (see Figure 6). All these advantages may help
the restoration tangibly because the thermal imprints are read like a sort of tomography.

Based on the integrated use of SPV, HT, PIRT, and PuCT techniques, several observa-
tions can be made regarding the conservation status of the frescoes:

• plaster cohesion: several detached areas or damaged plaster resulting from fractures
were evidenced;

• moisture distribution: the HT tests reveal variations in humidity levels across different
areas. The moisture values are generally higher and more homogeneous in those
regions potentially influenced by the position of the area relative to the sun exposure.
Detached portions of plaster exhibit lower moisture values;

• temperature variations: the passive IRT analysis shows temperature discontinuities
between different sections of the apse, indicating potential variations in wall texture
and masonry structure. These differences may be attributed to factors such as materials,
construction techniques, or later interventions;

• structural integrity of frescoes: the presence of fractures, discontinuities, and infill of
the underlying masonry is evident from the SPV and PuCT results. These structural
elements can affect the overall stability and conservation of the frescoes.

The integration of SPV, HT, and IRT results demonstrated a smart way to inspect
artistic and architectural heritage, and this test represents an important starting point to
deepen the knowledge of the structures and direct further and targeted investigations and
restoration interventions.

The types of defects in a complex system such as frescoed masonry vary greatly.
Therefore, the combination of the different non-destructive techniques proposed in this
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paper is helpful in overcoming the limitations of individual methods and achieving a
more reliable diagnosis of the state of conservation of the wall paintings, allowing a
comprehensive and multi-scale approach to the restoration problem.

This approach provides a comprehensive and multi-scale analysis of these complex struc-
tures, offering a more reliable and detailed understanding of their construction characteristics
and conservation status. Additionally, the study highlights the significance of combining
these techniques to overcome the limitations of individual methods and achieve a more
comprehensive diagnosis, paving the way for targeted and effective restoration interventions.

Further steps, such as image fusion and correlation, are desirable in future applications
to improve the accuracy of the tests and the evaluation of the conservation status.
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