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Abstract In this paper, we introduce the use of the
atomic force microscope (AFM) and of the pulsed laser
ablation as methods for morphological diagnostic with
nanoscale precision of archeological artifacts and corrosive
patina removal from stone artifacts. We test our method-
ology on stone artifacts extracted from the Church of
Sotterra (located in Calabria, South Italy). The AFM
microscopy was compared with different petrographic,
chemical, optical and morphological analysis methods for
identifying the textural characteristics, evaluating the state
of preservation and formulating some hypotheses about the
provenance and composition of the impurity patina located
on the artifact surfaces. We demonstrate that with the
nanometric precision obtained with AFM microscopy, it is
possible to distinguish the different states of preservation,
much better than using conventional petrographic methods.
The surface’s roughness is evaluated from very small
artifact’s fragments, reducing the coring at micrometric
scale with a minimal damage to the artworks. After the
diagnosis, we performed restoration tests using the pulsed
laser ablation (PLA) method and compared it with the more
common micro-sandblasting under dry conditions. We find
that the PLA is highly effective for the removal of the
surficial patina, with a control of a few hundreds of
nanometers in the cleaning of surface, without introducing
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chemical or morphological damages to the artifacts.
Moreover, PLA can be easily implemented in underwater
conditions; this has the great advantage that stone and
pottery artifacts for marine archeological sites do not need
to be removed from the site.

1 Introduction

Correct interpretation on the age and the history of Cultural
Heritage requires the use of very sensitive diagnostic
techniques, which allow identifying constituent materials
and, from there, to understand the origin of the artwork.
This information is required when designing a restoration
project, which preserves not only the visible aspect of the
artworks but also their original chemical and mineralogical
composition. The diagnostic and restoration methods are,
generally, based on physical and chemical methods for
defining the properties of the artifacts and better conceive
the restoration and conservation projects [1-5]. Unfortu-
nately, in most cases, they give only a macroscopic de-
scription of the artifacts on a scale in the order of
millimeters or microns, without being able to control the
corrosive patina on the surfaces and the damage caused by
the restoration processes with higher spatial precision, e.g.,
on a nanometric scale.

The corrosive patina on the artworks can seriously
damage the artifacts and thus change their aesthetical
aspect. The patina can strongly modify the chemical
composition, provoking in the worst case the complete
destruction of artwork, as in the cases of bronze cancers
(malachite and cuprite) and in the case of biological films
on ceramic and stones exposed to biological agents. In the
first case, malachite and cuprite films generate red and
green stains, which are often visible in many statues, and
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simultaneously destroy the bronze league. The micrometric
biological films on many stone monuments cause the for-
mation of a green skin, which completely covers the arti-
facts or generates holes, cavities and fractures in the
artifact. This results in deterioration of the artifact. A
nanometric control is, then, highly desirable since it allows
removing the corrosive patina in its initial phase of for-
mation with a strong reduction—in time and in cost—of
the restoration process, thus making all conservation ac-
tions more efficient.

In this work, we propose the use of two well-known phy-
sical analysis methods, the atomic force microscopy (AFM)
and the pulsed laser ablation (PLA), as support to the more
common Cultural Heritage analysis methods, in order to have
a nanometric control on the morphological properties of the
stone artifacts and to have the controlled removal of the
nanometric patina layer. These two methods are routinely
applied in the field of nanoscience and nanotechnology for the
growth and characterization of nanomaterials, with a control
in the few to hundreds of nanometers scale. These dimensions
are comparable to the initial phase of the formation of a
corrosive and biological patina on the artifacts. In this paper,
we demonstrate the effectiveness of these methods in a par-
ticular case study using some stone artifacts extracted from
the Church of Sotterra (Paola, Calabria, Italy). We applied the
AFM and PLA methods jointly with the common diagnostic
methods (in situ and in laboratory), in order to characterize the
materials, identify the pits of their origin, detect the chemical
composition of surface patina and define a strategy for the
restoration and conservation [5-10].

The Church is located in an underground site on the
Tyrrhenian coast of South Italy (see the geographical col-
location in Fig. 1a). Its architecture is Paleo-Christian and
can be described as a basilica with a single nave, rectangular
and slightly elongated, terminating in an apse, with smooth
walls and divided up by three arches made of local stone
(Fig. 1b) [11]. In addition, the Church is considered as one
of the main representation of Byzantine art in Calabria [11,
12]. A strong moist environment, caused by frequent
flooding, characterizes the Church atmosphere and con-
tributes to the formation of a corrosive patina on the surface
and in the deterioration of paints and stone artifacts. Several
restoration processes, conducted since the Middle Ages,
make it difficult to identify the original materials and the
dating of the Church. A dating of the Church, based on the
analysis of some paint pigments, indicates that in the first
Middle Ages, the Church was already built, while some
ecclesiastic documents indicate that the consecration and
construction of Church occurred only in the late Middle
Ages [11-13]. A dating process of the Church using direct
methods such as thermoluminescence of radiocarbon is
impossible due to the absence of any ceramic, wood or
organic (tissues, bones, etc.) remains, the only artifacts
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attributable to the original construction being the floor, the
altar and the paints. Hence, a deeper analysis is necessary to
better understand the pits of provenience of the materials
and to better define the origin of the Church.

Our analysis has been made based on eight stone frag-
ments taken from the floor and the altar and using (1)
optical (OM), (2) SEM and (3) AFM microscopies and (4)
EDX (energy-dispersive X-ray analysis), (5) XPS (X-ray
photoelectron emission), (6) XRF (X-ray fluorescence) and
(7) PL (photoluminescence) spectroscopies. Moreover,
each sample was restored with the pulsed laser ablation
[14] to check whether this method can be considered an
alternative to those conventionally used in situ [15]. For
Italian Cultural Heritage, conventional restorative pro-
cesses are regulated by the UNI Normal standards [16].
They suggest very different restorative processes: (1) laser
ablation (continuous laser) cleaning with water spray, (2)
micro-sandblasting under dry condition, (3) cleanup by
chemical solvents (distilled water, solvents and slightly
basic solutions such as AB57, the ICR and ammonium
carbonate) and (4) technical extraction of soluble salts by
chemical reactions. The choice of the correct methods to be
applied depends on the artifact’s materials and on their
conservation status.

2 Materials and methods

The experiments were conducted on a series of samples
(C1-C8) with dimensions of 1 cm x 1 cm sand and a
thickness of about 2 cm (Fig. 1c). All samples are com-
posed, in a first analysis, of stone and are strongly dete-
riorated by moist and biological agents, as witnessed by the
presence of a white patina on the surface. The samples were
taken from different sites distributed on the floor and on the
altar of the Church, as indicated in Fig. 1c. Each sample
was subject to petrographic, chemical, optical and mor-
phological analyses using the main techniques employed in
the field of Cultural Heritage (X-ray photoelectron spec-
troscopy—XPS, X-ray fluorescence spectroscopy—XREF,
energy-dispersive X-ray—EDX, photoluminescence—PL,
scanning electron microscope—SEM, atomic force micro-
scope—AFM), in order to identify the mineralogical and
chemical composition of the materials and their alterations.
Moreover, after the characterization of the samples, their
surface was treated by a pulsed laser ablation (LA) cleaning
process in order to eliminate the surface patina [17]. This
process was compared with the traditional method of micro-
sandblasting conducted under dry condition [15]. All the
chemical, optical and morphological analyses have been
conducted before and after the cleaning process.

The mineralogical and petrographic studies of the col-
lected samples were performed by optical microscopy (OM)
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Fig. 1 Archeological site: a geographical position, b the inside of the Church, ¢ samples and position where they have been found within the

Church

on thin sections using a Zeiss—Axioplane microscope
equipped with polarizing and reflected optical light. Che-
mical analysis was performed by XPS and XRF spectro-
scopies to obtain information on both surfaces (XPS) and
the bulk (XRF) of the artifacts. XPS measurements were
conducted in an ultra-high vacuum (UHV) chamber
equipped for standard surface analysis with a pressure in the
range of 10~ Torr. Non-monochromatic Mg-Ka X-ray
(hv = 1253.64 eV) was used as excitation source. The XPS
spectra were calibrated with the C1 s peak of a pure carbon
sample (energy position 284.6 eV), and the data were fitted,
assuming a Gaussian distribution. XRF measurements were
conducted with a X-123 SDD apparatus (Amptek, USA),
equipped by a gold cathode and a beryllium revelator, op-
erating at a fixed incidence and emission angle (both 45°),
and the standard used for quantification is a Steel 316 with
the following composition: Cr 18.45 %, Mn 1.63 %, Fe
65.19 %, Ni 12.18 %, Cu 0.169 % and Mo 2.38 %.

PL measurements were taken with an Olympus micro-
scope (Horiba Jobin Yvon) mounting objectives of 10x,
50x and 100x magnifications. The microscope is equipped
with a 378-nm laser source with a power of 12 mW and by
a Triax 320 (Horiba Jobin Yvon) spectrometer working in
the 200-1500-nm range.

Finally, morphologic information has been obtained by
both SEM and AFM microscopies. The SEM images were
taken using a Cambridge Stereoscan SEM working with a
20 keV electron beam and a current of 3.4 mA, in sec-
ondary electron acquisition mode (SE-SEM) and
backscattering acquisition mode (BSE-SEM). The AFM
images were taken with a Bruker AFM microscope (Icon
Bruker) working in the tapping mode. Each image was
taken with a resolution of 512 x 512 pixels on an area of a
few microns (we took images with a maximum scan size of
5 x 5 um). The AFM images were analyzed by the
Nanoscope software by Bruker in order to retrieve the
surface roughness and control the damage on the surface on
a hundreds of nanometers scale.

After characterization, the samples C1 and C8 were
subjected to a pulsed laser ablation (PLA) process in order
to evaluate its effectiveness in removing the surface patina
and to check a possible change in the chemical composition
or in morphology. The pulsed laser ablation procedure was
performed irradiating for 30 min each sample with a
Nd:YAG laser of energy 550 mJ/pulse operating at
1064 nm, 20 Hz, with a pulse length of 7 ns (commercial
Quanta-Giant series 710 laser). PLA process was per-
formed in air and in water placing vertically the sample in a
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Fig. 2 SEM and AFM images of C1 and C7 samples as example for all samples

glass vessel (transparent to the wavelength 1064 nm) filled
with marine water. The aim of testing PLA in underwater
condition is to verify its effectiveness in removing the
patina surface in locations with a high level of humidity
(such as can be found in Sotterra) or underwater (among
the common restoration methods, only the laser ablation
can be performed in underwater condition). Finally, the
laser ablation cleaning process was compared to the tech-
nique of micro-sandblasting [15] conventionally used for
the restoration of the external walls of buildings [18]. The
blasting drying was performed with a micro-sandblasting
on which we mounted nozzles with a diameter from a few
tens of microns up to 0.8 mm and with a working pressure
of 2—4 bar.

3 Results and discussion
Morphological images of the sample surfaces (see Fig. 2

showing SEM and AFM images of samples C1 and C7 as
example for all samples) indicate that all samples show the
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same morphology, consisting in a random distribution of the
grains with a size in the order of a few nanometers. Analysis
of the surface roughness indicates that the conservation
status of each artifact is strongly dependent on the extrac-
tion zone, and in fact, a reduced roughness is observed on
sample C7 which comes from the altar (Table 1), but, due to
its intrinsic location within the Church, is also the less ex-
posed to usury. As we describe in the following, all the
diagnostic methods are in perfect agreement with the AFM
analysis and the roughness measurements, indicating that
the items extracted from the floor show the same morpho-
logical composition and a conservation status perfectly
described by the roughness analysis. Moreover, as indicated
in the experimental section, the AFM analysis requires
fragments with dimensions of the order of few microns,
while for petrographic and mineralogical analysis, we need
thin sections with dimensions of the order of several
millimeters.

The chemical composition information of the samples
has been obtained using XRF and XPS spectra (see Fig. 3a,
b). The spectra indicate that the main elements on the
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surface are C, Si, O and Ca, with trace elements of F, Na,
Mg, Al CI, K, Cr and Fe. The main positions of the XPS
peaks for each element, summarized in Table 2, are those
of pure elements, without formation of chemical bonds
between impurities and the matrix. The only exception is
represented by the position of a Ca 2p line, at about
351 eV, indicating the presence of Ca—O or Ca=O struc-
tures [19] and, then, of a matrix of calcium carbonates
(CaCO03) [19].

Table 1 Sample roughness

. Sample Roughness (nm
evaluated from AFM images P & (nm)
Cl 89
C2 166
C3 61
C4 129
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C6 87
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These conclusions are confirmed by a petrographic and
mineralogical analysis conducted using optical microscopy
(OM) on thin sections. The optical images (in Fig. 4, we
show the images for samples C1 and C7 as benchmark for
all samples) indicate that all the samples are composed in
general of a matrix of marl with silico-clastic fragments of
granite origin. The different matrixes, as easily obtained
from the roughness analysis by AFM images, show a dif-
ferent status of conservation, clearly visible in the grain
size of the granite, which varies from gross to fine. In
detail, the fragments with higher roughness (C1, C2 and
C4) appear, also at petrographic analysis, as the most de-
teriorated, showing an altered matrix with secondary por-
osity, while C3, C7 and C8 (lower roughness) show a
matrix well preserved without sign of band dissolution.

The found items can therefore be classified as natural
stones mainly composed of sedimentary rocks of carbonate
in a marl matrix; the different distribution of the aggregate
may indicate that the fragments were picked up from dif-
ferent stratigraphic levels of rocks.

Finally, PL measurements in Fig. 3c show a lower in-
tensity of the PL signal, with the exception of C4,
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Fig. 3 Chemical analysis on samples: a XPS survey spectrum, XRF (b), photoluminescence (¢) and Gaussian analysis of PL spectrum of C4

sample (d)
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Table 2 Positions of main XPS

peaks for each element ¢l © e c4 © c6 ¢ 8
Si 2p 103.6 103.2 103.8 102.7 102.9 102.5 103.1 103.9
Cls 284.2 284.8 283.4 284.1 284.8 284.2 283.8 283.9
O 1s 531.6 531.9 530.8 5311 531.7 531.0 530.7 531.8
Ca 2p 350.9 349.1 351.5 350.1 349.2 351.3 348.2

Fig. 4 Optical microscopy
images for petrographic analysis
(samples C1 and C7 as example
for all samples)

suggesting that the origin and the composition of these
fragments are different from those of the others. After a
Gaussian analysis (Fig. 3d), the luminescence signal re-
veals two main bands at 560 and 610 nm, which can be
attributed to quartz inclusions (SiO, [20]). In particular,
both the bands at 560 and 610 nm are typical for quartz and
are intrinsic of the bulk structure [20].

The comparison between the chemical and miner-
alogical composition of our findings and a series of pre-
vious geological studies on the pits of Calabria [21-24]
allows to conclude that the materials used in the Church
construction were taken from a quarry found along the
Tyrrhenian coast of Northern Calabria, rich in this natural
stone [21] and located close to the Church.

As described in the experimental section, pulsed laser
ablation cleaning was performed in air (C8) and marine water
(C1) to investigate the effectiveness of process for in situ
restoration for both terrestrial and underwater sites [17, 25]. In
the following, we demonstrate that PLA is much more effi-
cient than classical restoration methods, without causing
damages to the artifacts. In the classical laser ablation, the
continuous irradiation with a high energetic laser beam can
strongly increase the surface temperature (the irradiated area
can reach temperatures in the order of a few 1000 K) [26]. In
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PLA, however, the temperature increases only during the
pulse interaction (with a duration in the order of nanosec-
onds), and the average temperature on the sample surface is in
the order of a few hundred K, without damaging the artifacts
(Fig. 5a shows the temperature on the irradiated area mea-
sured by a J-thermocouple meter placed in the center of the
laser spot size). Moreover, with PLA, it is possible to remove
only the surface patina, controlling the thickness of the re-
moved layer simply varying the duration of the ablation and
without changing the chemical composition of the artifact
matrix. The white patina with a thickness of about 500 nm
(mainly composed of carbonates and biological films) located
on the stone artifacts has been completely removed after 30 s
of irradiation in marine water and 40 s in air (SEM images in
Fig. 5a, b indicate a zoom of the surface with biological film,
before and after the PLA process). The variation of the per-
centage of constitutive elements, obtained by XPS measure-
ments before and after the PLA (Fig. 5c), demonstrates that
PLA, as LA, in water is more effective than in air. In fact, the
percentage of C on the surface increases in the sample ablated
in air, indicating absorption of CO, from the atmosphere.
Conversely, the sample ablated in water shows an increase in
the percentage of Si and Ca and a decrease in C and O.
Cleaning process by micro-sandblasting dry was performed
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Fig. 5 Variation of surface morphology and chemistry with PLA cleaning on surface; a-b SEM images of biological patina before and after
PLA; ¢ variation of chemical elements on surface verified by XPS analysis before and after PLA; d SEM images after sandblasting cleaning

on sample C6 using grains with dimension of a few hundreds
of microns injected at a pressure of 3 bar for a duration of
10 s. Asitis well known, this method completely removes the
surface patina, but creates on the surface some micro-frac-
tures, which can seriously damage the artifact (see the cracks
and fractures created by micro-sandblasting in the SEM im-
ages in Fig. 5d). In conclusion, with PLA, it is possible to
remove only the surface patina coatings without altering the
chemical composition of the samples or creating micro-
fractures, which damage the artworks.

4 Conclusions

In this work, we demonstrate that with AFM microscopy, it
is possible to control the conservation status of an artwork
at nanometric scale, obtaining results which are compara-
ble to classical petrographic and optical methods on

micrometric scale. Moreover, we demonstrate the effec-
tiveness of PLA on the controlled removal of a corrosive
patina with thickness in the hundreds of nanometers
without chemical or morphological damage to the artwork
surface.

We compare the two proposed novel methods to clas-
sical diagnostics and restoration processes for Cultural
Heritage in a case study with findings coming from the
Church of Sotterra. The chemical analysis proves that the
materials extracted from the Church are the mixture of clay
minerals and calcite called “marl” (typical of northwest
coast of Calabria); this conclusion is confirmed by petro-
graphic analysis that classifies the samples as carbonate
sedimentary rocks.
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