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Abstract: In spite of the application of different cleaning procedures, the marble used for the portrait
bust of Queen Margherita di Savoia continued to show permanent discoloration, consisting of an
unevenly distributed grayish alteration, mainly on the front part. In this work, a multi-analytical, non-
invasive approach was proposed using spectrocolorimetry, reflectance spectroscopy and multispectral
imaging. The initial assumption, suggesting the presence of altered protective materials based on
organic products (such as waxes or oils,) applied in the past according to traditional practices, was
excluded, revealing instead the presence of deposits of particulate matter, which penetrated inside the
crystalline structure of the marble, leading to a variation in its shade. Cleaning tests were also carried
out to define the best product, using sustainable chemicals such as Polar Varnish Rescue®, alkoxyde
surfactant, disodium EDTA, GLDA and Politect® Base in order to identify the best methodology
and materials for sustainable cleaning, respecting the integrity of the original matter. Politect® Base
demonstrated better action in comparison to the other products tested, and similar results were
obtained with GLDA, which could be applied in areas where the Politect® is less efficient (e.g., lace).

Keywords: diagnostics; stone; non-invasive; multispectral imaging; colorimetry; reflectance spectroscopy;
green chemistry; U.S. Embassy

1. Introduction

Stone materials were largely employed for artworks and architectures. Although stone
properties make them extremely durable, stone is still subject to weathering phenomena in
certain conditions. The most common weathering effect is marble discoloration, which can
be attributed to many causes:

• Black crusts formed by the action of acid rains that can dissolve calcium carbonate
(the main component of marble) and create gypsum depositions able to absorb air
particles, causing a blackening of the surface and the corrosion of the marble [1–4];

• Dirt, dust and air particulate depositions can penetrate inside marble porosity [5,6];
• The presence of metals in contact with the stone and water can produce leakages and

stains of the oxidized metal on the surface [7–10];
• Black fungi, lichens and bacteria not only create a colored patina on the surface, but

can also lead to the formation of colored calcium oxalates [11–14];
• Aged protective products from previous restorations [15,16];
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Analysis and characterization of discolorations and crusts on marble are of primary
concern for restorers, as they choose the appropriate conservation treatment. As testified by
many authors [17], inappropriate cleaning operations could even damage the stone, causing
loss of the original surface, staining, soluble salts depositions and superficial roughening,
making it a lot more vulnerable to biological attack and pollutants.

Marble cleaning methodologies can be divided into mechanical, chemical, physical
and biological types:

Mechanical methods involve brushing, rubbing and blasting. Abrasive blasting (wet
or dry) is conventionally used to remove solid superficial deposits of dirt and dust or
black crusts, commonly by using sand ejected at high pressure (sandblasting) [18]. The
abrasive power should be carefully selected based on the coherence of the deposition and
the conservation status of the stone, taking into consideration the hardness of the particles,
grain size, grain shape, nozzle size and pressure. This type of cleaning is cheap and very
effective, but it lacks control by the operator, which can result in damage to the stone
surface [19]. A step forward for this technique is the use of very fine particles of silica and
glass beads (microblasting), able to achieve a milder action and a more adequate level of
control by the operator [19];

Chemical cleaning involves the use of acids and alkali that could be dangerous, as
calcium carbonate can be dissolved by strong acids, like hydrochloric acid, and strong
alkali can cause saponification of fatty acid stains on stone surfaces; moreover, when used
as a second cleaning phase after an acid, it can cause the formation of soluble salts [19].
Organic solvents are used to remove oily stains, waxes and bituminous compounds, and
are also commonly used as biocides for the removal of biological patinas (fungi, bacteria,
algae, lichens). A drawback in the use of these substances is that they can penetrate
inside the porosities and cause further deterioration. To avoid this, absorbent powders,
clays, poultices and gels are used to retain solvents and guarantee a superficial action [20].
Commonly used solvents are also noticeably dangerous for the health and environment [21];

Laser cleaning [22] is the only available physical technique. It can efficiently remove
stains and crusts, except for in some cases. However, possible alterations can be induced by
this technique when the working regime is not properly chosen. This is why laser cleaning
requires thorough testing prior to operation [23];

Biocleaning is a more recent approach born of the necessity to search for a safer and
more selective methodology; this technique uses specific strains of bacteria to remove
patinas, salts and crusts [24]. Although it is an excellent sustainable and selective method
and showed encouraging results, technological transfer on a larger scale and availability of
products that are ready to use are problems that still need to be solved [24].

The marble bust representing Margherita di Savoia by Odoardo Fantacchiotti (1811–1877)
was completed in 1869, as stated on the inscription visible on the reverse of the sculpture:
“ODº: FANTACCHIOTTI/SCOLPIVA IN FIRENZE/L’ANNO 1869” (in total, the bust
measures 47 cm wide, 28 cm deep and 85 cm high; the base alone measures 22 cm wide,
22 cm deep and 14.5 cm high). The portrait represents young Princess Margherita in a
pensive mood; the head leans slightly to the left, the look is melancholic and the hair is tied
up in a braid fastened to the rear of the head in a circle. A few locks of hair protrude onto
the forehead. The neck and shoulders are bare, and the rich ball gown shows a generous
neckline and consists of a corset trimmed with a pleated edge and secured with ribbon tied
in a small bow; an intricately ornate lace draped around the figure’s shoulders covers the
corset and is held at the center by a pin in the shape of a daisy, referring to the subject’s
name. The quadrangular pedestal with concave sides is finished at the upper end with a
quarter-round echinus decorated by the classical eggs-and-darts motif, while the torus at
its base is articulated in a continuing cane bundle held tight by a twisted flat band. The
Savoia family crest with the single cross of the Piedmont branch occupies the front of the
base, topped with the royal crown flanked by fluttering ribbons. From 1901 until shortly
before her death in 1926, Margherita lived as the Queen Mother in the palace that presently
houses the U.S. Embassy’s chancery in Rome [25–29]. The property was purchased by
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her son, King Vittorio Emanuele III, on 24 December 1900, after the assassination of King
Umberto I and his accession to the throne [29]; the palace was her residence in the new
capital of Italy during a period of deep changes that led the country though two world
wars and the fascist regime.

Since the purchase of Palazzo Margherita by the U.S. Government in 1946 (sales pur-
chase contract 1946 in Archivio Centrale dello Stato–PCM, 1944–1947, 71488/7.2–‘Acquisto
dello stabile Palazzo Margherita’), the marble portrait of the Queen became part of the U.S.
Embassy’s permanent art collection and as such is included in the cultural patrimony’s
conservation and maintenance program, conducted by the Cultural Heritage Office since
1998. Exhibited in the grand staircase of the chancery, over the past 20 years the bust has
undergone recurring maintenance treatments carried out with traditional methods and
materials. (Annual and bi-annual maintenance treatments consisted of the removal of the
loose superficial deposits by soft bristle brush complemented, when necessary, by rinsing
with a 3% solution the surfactant Tween 20 (IMAR) in deionized water. On two occasions,
in 2001 and in 2017, deeper cleaning was carried out by means of cellulose poultice cleaning
with a saturated solution of ammonium carbonate, with a dwell time of three to five hours.)
In spite of the application of different cleaning procedures, the marble continued to show
permanent discoloration, consisting of an unevenly distributed grayish alteration, mainly
on the front part of the bust; more concentrated on the cheeks, nose and chin, and less so
on the neck, neckline and dress. In 2021 the Embassy’s Cultural Heritage Office sought
diagnostic services to perform non-invasive analysis aimed at identifying the nature and
cause of the chromatic alteration, and to define possible cleaning methods using sustainable
and non-toxic products.

2. Materials and Methods
2.1. Non-Invasive Preliminary Analysis

In order to define the composition of the chromatic alteration, multiple non-destructive
analyses were performed on the sculpture. Firstly, the surface of the artwork was examined
through multispectral imaging to detect the presence of extraneous materials. UV and IR
reflectography was performed with a Madatec® multispectral imaging system, comprising:
a Samsung NX500 28.2 MP BSI CMOS camera; Hoya Filter UV&IR cut 52; Baader U-Filter
60 nmHBW/320-380 nm; F-PRO MRC Yellow 495; high-pass IR filter 760 and 850 nm
cut; and Madatec® light sources at 365 nm model CR230B-HP for UV fluorescence, and
440 nm model CR230-440 for VIL and VIVL. With IR source, natural and artificial radiation
from the building was exploited. Due to the architectural configuration of the space, it
was impossible to completely darken the room during the procedure. This causes the
fluorescence color to be altered, preventing a full understanding of the substance’s identity;
for this reason, a further multi-analytical approach is necessary.

Secondly, for a better understanding of the superficial color variation on the observed
areas, spectro-colorimetric analysis was carried out. The instrument used was a Konica
Minolta’s CM-2600d portable spectrophotometer with an 8 mm aperture lens and three
Xenon light bulbs. Spectra were collected with a 0.1% standard deviation and the simul-
taneous acquisition in SCI (specular component included) and SCE (specular component
excluded) modes. Spectra were acquired in the visible region (400–700 nm), and the color
was defined using the CIELab color space coordinates L*, a*, b*.

To define the chemical composition of the alteration, Raman spectroscopy and re-
flectance spectroscopy (UV-Vis-NIR) were used. Since no organic compounds were re-
vealed during the observations with the imaging system, Raman spectroscopy proves to be
a more suitable technique than IR spectroscopy.

A QualitySpec Trek Portable Vis-NIR spectrometer was used to identify possible
organic materials present on the surface, using Spectral Range 350 to 2500 nm.

The Raman spectrometer was a QE Pro-Raman from Ocean Insight equipped with
a 785 nm laser with a 0 to 400 mW power range, 0 to 4000 cm−1 Raman shift and 10 to
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14 cm−1 resolution. The spectra were collected using a power of 50 to150 mW to avoid any
laser-caused effects on the surface.

For the identification, Raman spectra were compared with those in the RUFF online database
[https://rruff.info accessed on 30 March 2022]. The reflectance spectrometer was a Qualityspec®

Trek with a halogen lightbulb that allows an acquisition range from 350 to 2500 nm (vis-NIR)
with a resolution of 3 nm until 700 nm, 9.8 nm from 700 to 1400 nm and di 8.1 nm from 1400 to
2500 nm. Collected spectra were interpreted using the USGS (United States Geological Survey)
online database (https://crustal.usgs.gov/speclab/QueryAll07a.php accessed on 30 March 2022).
Figure 1 shows the measure points for the aforementioned techniques.
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Figure 1. Measure points map. The arrows indicate the points on the back of the statue (points 1 and 2).

The synthesis of diagnostic iter and the areas where the spectra were collected are
reported in Table 1.

Table 1. Measure points summary, corresponding statue areas and analytical techniques used.

N. Statue Areas
Analytical Techniques

Colorimeter Raman
Spectroscopy

Reflectance
Spectroscopy

1 Back left X X X
2 Back right X X X
3 Neck X X
4 Left shoulder X X
5 Left cheek X X X
6 Left chest X X
7 Chin X X X
8 Dress X X X
9 Hair X
10 Right chest X
11 Forehead X

2.2. Cleaning Tests

The tested cleaning systems are reported in Table 2.

https://rruff.info
https://crustal.usgs.gov/speclab/QueryAll07a.php
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Table 2. Tested cleaning systems.

ID Product Manufacturer

1 Polar Varnish Rescue GEL YOCOCU APS

2 Alkoxyde based surfactant Sigma Aldritch

3 GLDA (5% in H2O w/v) Nouryon

4 Disodium EDTA (5% in H2O w/v) Sigma Aldritch

5 Politect base® Politect

6 Deionized water as reference -

One area, treated with deionized water only, was used as a reference. Specifically,
Polar Varnish Rescue is a new green low-toxic mixture of solvents developed by YOCOCU
APS; the second product used is an alkoxylate-based surfactant; disodium EDTA is a
chelating agent, specifically a disodium salt of ethylenediaminetetraacetic acid; GLDA is a
chelating agent based on L-glutamic acid [30]; and Politect® Base is a formulation based
on polyvinyl alcohol, plasticizers, rheology modifiers and additives in aqueous solution.
The latter is a gel that can be removed in a single solution by peeling once the film is
formed, without requiring further cleaning to remove residues. The effectiveness of the
treatments was evaluated by a Dinolite® AM411-FVW, 1,3 Mpx (1280 × 1024), 10–70× and
200× magnification, UV + white led light source USB digital microscope and DinoCapture
2.0 software to observe the surface color and morphology before and after the treatment.
Criteria for the evaluation of the best system are the following:

• Ability to effectively remove the particulate matter that has penetrated the porosity;
• Toxicological and chemical-physical properties in compliance with the principles of

green chemistry;
• Selectivity towards the material to be removed to preserve the surface of the artwork;
• Ability to achieve maximum removal of the particulate matter by operating in the

least invasive way possible;
• Easy application and ability to control the cleaning method.

Application Method

According to Macchia et al. [30], 25 mL of Polar Varnish Rescue was gelled using
5% (w/v) Klucel G and then applied on the base of the bust by interposing a sheet of
Japanese paper to avoid gel residues on stone surface. In order to obtain comparable results,
25 mL of deionized water, alkoxide surfactant, EDTA and GLDA were supported in 5 g of
cellulose pulp. Disodium EDTA can be used at a concentration between 2% to 15%, but a
lower concentration must be considered when working with limestone as this chemical
compound can chelate calcium ions. For this reason, a 5% disodium EDTA solution in water
was applied [31,32]. GLDA was prepared as in Macchia et al. [33] at 5% concentration, and
brought to pH 9 with acetic acid. Deionized water and alkoxide surfactant were directly
suspended in cellulose pulp. All treatments were applied on the statue base interposing
a sheet of Japanese paper and covered by a polyethylene layer. All tests were removed
according to the slowest action time (EDTA) [34], after 1 h and 10 min.

For the Politect® Base gel, manufacturer application instructions were followed. The
product was directly applied on the base of the bust. After 30 min, a second thicker layer
was applied on the first one. After 24 h, the film was peeled off from the surface. After
the cleaning tests, all the treated areas were further cleaned with deionized water, and
then with dry cotton swabs, to remove the product residues. The different products were
applied in delimited areas at the base of the bust (Figures 2 and 3).
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Figure 3. Product application on the base as described in Table 3.

Table 3. CIELab coordinates on the measuring points and color simulation (c.s.) in the Hex color system.

Point 1 2 3 4 5 6 7 8

Description Left back Right back Neck Left
shoulder Left cheek Left chest Chin Dress

C.S. #C1C0BE #BDBCB9 #A39F97 #A09A8E #A29D95 #A6A298 #A19C92 #837D74
L* 77.84 76.3 65.81 63.83 65.11 66.6 64.68 52.83
a* −0.05 −0.03 0.33 1.07 0.71 0.23 0.6 0.75
b* 1.38 1.63 4.77 6.88 4.85 5.72 6.06 5.85

3. Results
3.1. Non-Invasive Preliminary Analysis

Calcite mineral only fluoresces in certain conditions, and in the case of marble does
not fluoresce at all. Due to the architectural setting of the staircase (the windows being
located high up and out of reach), it was impossible to obtain a completely dark room
during the UV light measures. Still, the imaging technique allowed to obtain information
on the surface status. Under UV light, some fluorescent areas were revealed:
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• Areas with a blue induced fluorescence could be related to superficial structural
variations from calcium carbonate polymorphs. As Toffolo et al. showed in their
work [35], calcium carbonate polymorphs like aragonite and pyrogenic calcite in fact
have a visible fluorescence in the blue region (Figure 4a,b). Also, by varying light
angles, the analysis showed different fluorescence colors, thus revealing the inorganic
nature of the substance;

• A blue induced fluorescence located on the back and front of the sculpture reveals
dripping residues of an unidentified product (Figure 4c,d);

• A yellowish induced fluorescence around the base corner may be related to an organic
adhesive used in previous reintegration work (Figure 4e).
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Figure 4. Details of visible induced fluorescence areas under UV light. (a) Head: Hair and eye. UV
fluorescence of calcite polymorphs; (b) Head: face area. UV fluorescence of calcite polymorphs;
(c) Body: drippings. UV fluorescence; (d) Back: drippings. UV fluorescence; (e) Base: adhesive
UV fluorescence.
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Fluorescence was also detected in differently colored areas of the statue, which are
unrelated to the examined dark areas.

With IR reflectography, images with a stronger contrast between darker and lighter
areas were obtained. This allowed the clear definition of the areas affected by the darkening,
meaning the composite has a strong response to IR radiation (Figure 5c).
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Figure 5. IR and UV reflectography acquisitions compared to the picture under visible light.
(a) Visible light; (b) IR reflectography (750 nm); (c) IR reflectography (850 nm); (d) UV reflectography.

Colorimetric measurements were acquired in points 1 to 8. As points 1 and 2 were
significantly lighter than other areas, it is possible to assume that these are probably the
closest to the original stone color, considering the other areas studied; for this reason, they
were chosen as a color reference for the specific material. Table 3 shows the measurements
acquired with the instrument. The relatively consistent decrease in the L* value in point 8
is noticeable in comparison with the reference points, while a less conspicuous variation
involves the other points. Lower values of L* denote a darkening of the surface color.
Further, the variation of b* and a* coordinates towards higher values means the color is
shifting towards yellower tones. The difference can be immediately observed thanks to the
color simulation (shown in Table 3) associated with the respective hexadecimal color code,
a 6-digit unique code where each pair of symbols represents the color values for red, green
and blue.

Previous results are also confirmed by the spectra in Figure 6, where a decrease in
reflectance of around 20–26% for points 3 to 7 and around 35% for point 8 can be observed,
highlighting the presence of darker areas.

The Raman spectroscopy data acquired in points 1, 2, 5, 7, 8 and 9, along with all
spectra, can be found in Appendix A. The identification was made possible by matching the
spectra collected with those in the RUFF database (https://rruff.info accessed on 30 March
2022). All spectra are typical of calcium carbonate (RUFF R040070), the main component of
marble (Table 4). Calcium carbonate typically exhibits a strong band at 1086 cm−1, which is
assigned to the C-O symmetric stretch vibration, and a weak band at 712 cm−1, assigned
to a plane-bending vibration of CaCO3 [36,37]. No fluorescence was observed, and no
other minerals and compounds were detected. Given the absence of other crystal phases,
it can be deduced that a pure (or almost pure) white marble was used for the artwork.
This can also be deduced from microscopic observation of the surface with Dinolite®. The
stone shows a granoblastic saccaroid structure with a very fine grain (<1 mm) typical of
marble [38] (Figure 7).

https://rruff.info
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Figure 6. Reflectance spectra in the visible range collected in the different areas of the statue.

Table 4. Most important Raman bands of the collected spectra, identified compound, and reference
spectra and bands (RUFF).

Statue Areas Sample Bands
(cm−1)

Left back 280; 711; 1085
Right back 282; 710; 1085
Left cheek 281; 712; 1085

Chin 282; 713; 1085
Dress 281; 712; 1085
Hair 281; 712; 1085
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Figure 7. Image at 53.2× magnification of the surface.

Reflectance spectroscopy spectra confirm the results obtained by Raman spectroscopy as
well. The acquisition was carried out on points 1 to 8, 11 and 12, and spectra are available in
Appendix B. All spectra match with those of calcium carbonate (USGS Calcite WS272) (https:
//crustal.usgs.gov/speclab/QueryAll07a.php accessed on 30 March 2022), and no other

https://crustal.usgs.gov/speclab/QueryAll07a.php
https://crustal.usgs.gov/speclab/QueryAll07a.php
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compounds were identified. Reflectance IR spectra of calcium carbonate have characteristic
bands at around 1435 cm−1 due to the asymmetric stretching of CO3 groups, a 1875 cm−1

band attributable to the combination modes of symmetric stretching and deformation of CO3
groups, and a band at around 2400 cm−1 due to symmetric and asymmetric deformation of
CO3 groups, while the other signals are overtone bands (Table 5) [39].

Table 5. Most important Reflectance spectroscopy bands of the collected spectra, identified compound,
and reference spectra and bands (USGS).

Statue Areas Sample Bands (nm)

Left back 1449; 1565; 1650; 1757; 1875; 1994; 2153; 2337; 2402
Right back 1453; 1565; 1650; 1755; 1875; 1994; 2157; 2337; 2400

neck 1475; 1567; 1650; 1757; 1875; 1996; 2157; 2335; 2400
Left shoulder 1459; 1565; 1648; 1757; 1875; 1994; 2155; 2337; 2400

Left cheek 1457; 1565; 1648; 1757; 1875; 1994; 2155; 2337; 2402
Left chest 1461; 1565; 1648; 1757; 1875; 1996; 2155; 2337; 2398

Chin 1465; 1567; 1650; 1757; 1875; 1996; 2155; 2337; 2400
Dress 1455; 1565; 1650; 1757; 1875; 1996; 2157; 2339; 2396

Right chest 1451; 1567; 1656; 1757; 1875; 1948; 1994; 2157; 2339; 2402
Forehead 1449; 1567; 1654; 1759; 1875; 1994; 2157; 2337; 2404

3.2. Cleaning Tests

The use of DinoLite® (Table 6) and macroscopic observation (Figure 8) made it possible
to define which product best meets the requirements expected from the cleaning system.
Based on the criteria used for solvent selection, GLDA and Politect® Base showed the best
results. Using only the peeling effect, Politect® Base showed a good ability to remove most
of the particulate matter on the surface and inside the porosity of the marble. The GLDA
was just as effective. It allowed to obtain a uniform appearance of the surface, removing the
gray stains that covered it. The Polar Varnish Rescue GEL, the alkoxylate-based surfactant
and the deionized water did not show the same effectiveness, while the disodium EDTA
proved to be more aggressive than the GLDA, giving rather non-homogeneous results.

Table 6. Dinolite® images of the areas before and after treatment.

Before Cleaning After Cleaning

1-Polar Varnish Rescue GEL
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Table 6. Cont.

Before Cleaning After Cleaning

2-Alkoxylated-based surfactant
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Figure 8. Photographs of the surfaces after treatment.

The comparison between the images acquired using DinoLite® before and after the
cleaning tests confirm that GLDA and Politect® Base show the greatest cleaning power
(Table 6). All the images collected show that the original morphology of the marble surface
has been preserved.

The obtained results were also measured by spectrocolorimetry (Table 7). Measure-
ments before and after cleaning were acquired in five different points per area, averaged
and compared. The analysis confirmed what had already been seen, with DinoLite®:
Politect® Base demonstrating the best action, followed by GLDA and then EDTA, all with
higher L* values than references. This corresponds to lighter and whiter color tones. On the
contrary, areas cleaned with Polar Varnish Rescue and the alkoxykated surfactant showed
poor results as L* values are close to reference and b* values are even higher, meaning a
yellower color.

Table 7. Colorimetric measurements after cleaning tests. All measures are averaged. SDL* = 2; SDa*,
SDb* = 0.5.

Polar
Varnish Rescue

Alkoxylated-Based
Surfactant GLDA EDTA Politect® Base

Before After Before After Before After Before After Before After
L* 78.89 79.21 77.20 77.45 78.53 83.88 76.33 78.44 77.10 84.1
a* 1.04 1.11 1.15 1.07 1.02 −0.04 1.11 −0.07 1.02 0.83
b* 2.90 2.61 2.60 2.71 2.40 0.81 2.44 3.63 2.63 1.63

4. Discussion

A completely non-invasive analytical approach was used in order to discover the
nature of gray discoloration on the marble bust representing Queen Margherita di Savoia
at the U.S. Embassy in Rome, for cleaning purposes. At first, multispectral imaging was
performed to verify the presence of organic superficial residues. The technique showed
interesting aspects about the structural composition of the marble by revealing a regional
UV fluorescence caused by the presence of calcium carbonate polymorphs like aragonite
or pyrogenic calcite [35]. The technique identified also identified traces of drippings of
an extraneous material on the back of the sculpture, which cannot be identified without
further analysis, and a visible reintegration highlighted by the yellowish fluorescence of an
adhesive of organic nature. Under IR light (850 nm), darkening of the discoloration becomes
noticeably visible under the chin and dress folds. This means that the compound is reactive
under IR radiation. Color measurement of the surface revealed an objective darkening and
yellowing of the marble at different grades based on the area investigated. An important
difference in color can be observed between the front and the back of the statue, with darker
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tones on the front. It is also noticeable that the darkening is located in creases and sloping
surfaces like the nose, neck, chin, and particularly in the dress folds. Raman and reflectance
spectroscopy data both gave information about the stone material composed of calcium
carbonate. No other mineral phases were detected by Raman and reflectance spectroscopies,
nor by microscopical observation. Further, extraneous materials (patinas, waxes, protection
materials, etc.) [12] and evidence of weathering (gypsum, calcium oxalates) [40] were not
observed. Other analysis like XRD could clarify the exact mineral composition on the
stone, and further investigation with a FTIR analysis could better detect the presence of
extraneous material, but this was not taken into consideration as it would require sampling.
Considering all of the information acquired, it is possible to hypothesize that the darkening
of the stone is caused by a dust and particulate matter deposition inside the creases and
sloping surfaces that penetrated the marble porosity, since environmental depositions are
usually composed of carbonaceous particles reactive to IR radiation. This can be explained
by the location, the palace grand staircase, which connects indoor and outdoor spaces,
is subject to high volumes of –traffic and is frequented daily by numerous persons. The
entrance door, which is original and made of a tall wooden frame with glass panes, does
not perfectly seal the entryway. For these reasons, a considerable amount of particulate
matter is transported inside the room and moved by upward and downward currents. The
reason for which the bust is unevenly stained might be partly due to its surface morphology,
and partly because of the different levels of porosity of the marble, possibly depending
on its varying conservation condition. A similar case was that of the Taj Mahal dome,
frequently subject to discoloration. A study was carried out on the air quality of the Agra
region finding that the main cause of the marble darkening was due to depositions of light
absorbing particles from aerosols like dust and black and organic carbon [5,6]. To validate
this hypothesis, further studies on the patina composition are needed, such as elemental
analysis (to check if key chemical elements are present), non-destructive analysis (such as a
portable XRF); or, if there is the opportunity to take samples, a SEM-EDS analysis could
be performed to study the morphology of the deposition, as well as to double-check for
the presence of calcium oxalates (frequently responsible for marble discoloration) [40,41],
gypsum (related to the weathering of limestone and responsible, together with air pollution,
for black crust formation) [1–4] and biological patinas [11–13].

Five products were selected for the cleaning tests based on their toxicological and
sustainable properties according to green chemistry principles [42]. In terms of cleaning
efficiency and sustainability, Politect® Base was evaluated as the best product. Since
Politect® is a water-based and solvent-free product, the cleaning action is due to its peeling
effect, and its high selectivity for the materials to be removed is based on its chemical
inertness towards marble. Good results were also obtained by the chelating agent GLDA,
also a green product, and equally respectful of the surface since it can dissolve calcium
carbonate only at high temperatures [43–45].

On the contrary, EDTA, also a chelating agent, proved to be too aggressive and altered
the surface morphology. EDTA was in fact already cited as a dissolving agent for calcite
since it affects the crystalline lace removing calcium cation [46]. Moreover, EDTA is a
persistent compound in soil and water, harmful if inhaled and noxious for internal organs,
which is why it does not comply with green chemistry principles [47,48]. Solvents (Polar
Varnish Rescue and water) and surfactants (alkoxylated) could not remove the discoloration.
The most probable reasons are that the polarity of these products does not match that of the
material to be removed, or that their action is limited to the surface and could not penetrate
the marble porosities.

5. Conclusions

The analysis described in this paper allowed to detect and objectively measure color
differences of various artwork areas. Spectrocolorimetry data highlight conspicuous color
differences between visibly lighter and darker areas, with a reflectance decreasing, in some
cases, above 30%. Raman and reflectance spectroscopies were used to characterize the stone
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material that is composed of calcium carbonate. Multispectral imaging information instead
revealed superficial compounds in the form of isolated drippings, revealing the presence of
a product from a previous restoration and structural inhomogeneity of the marble due to
the presence of calcium carbonate polymorphs (aragonite and/or pyrogenic calcite). Also,
IR reactive depositions were detected mainly in the creases of the relief. Since this analysis
did not reveal any traces of marble weathering and compositional differences of the surface
able to justify marble discoloration, it is assumed that consistent deposition of dust and
particulate matter penetrating marble porosity is responsible for the surface darkening,
although further studies on the composition of the deposits should be carried out.

The cleaning tests performed on the bust of Queen Margherita allowed to identify the
best solution for the removal of the particulate matter on the surface and inside the porosity
of the marble. In terms of effectiveness and preservation of the original material, the best
results were obtained with GLDA, a chelating agent, and Politect® Base, a gel based on
polyvinyl alcohol. The Politect® Base was used as is. It owes its cleaning action to the
peeling effect during removal. Given its poor interaction with the original material, it is
considered a suitable product to be used for the cleaning of the entire artwork. Instead, the
GLDA is recommended in areas where the Politect® Base is not sufficiently effective or the
peeling effect is not recommended, such as the area corresponding to the lace decoration.
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Figure A8. Back-right.
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Figure A9. Neck. 
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Figure A9. Neck.
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Figure A10. Left shoulder. 

 

Figure A11. Left cheek. 
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Figure A10. Left shoulder.
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Figure A12. Left chest. 

 

Figure A13. Chin. 
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Figure A12. Left chest.
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Figure A14. Dress. 

 

Figure A15. Right chest. 
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Figure A14. Dress.
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Figure A16. Forehead. 
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