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Abstract: This paper deals with the study of organic coatings (patinas) on historical bronzes, specifi-
cally those applied on small-size statues in Renaissance workshops. These coatings, often transparent
and translucent, contain a mixture of organic and inorganic components and may be still preserved
in hidden parts of statues in indoor displays. However, the complexity of the original varnishes, their
degradation and alteration over time, and the coexistence of materials added for conservation and
maintenance purposes are challenging for their characterization. The often well-preserved surface of
varnished bronzes and their small size make it mandatory to make the most of using noninvasive
techniques for their investigation. To this end, to simulate the actual historical coatings, we prepared a
set of mock-ups following ancient recipes and using materials that were available in the Renaissance.
We used the samples to assess to what extent it is possible to disclose the formulation (binders,
colourants, and other additives) and the thickness of a Renaissance patina with noninvasive methods.
Microprofilometry (MP), optical coherence tomography (OCT), and eddy current (EC) gauge were
tested on the samples and the results were combined with reflectance Fourier transform infrared
(FT-IR) spectroscopy. The analyses performed on the mock-ups set the ground for investigating a Re-
naissance bronze featuring reddish semi-transparent varnish layers. The achievements are discussed
in this paper, along with the limitations of the use of a noninvasive approach.

Keywords: Renaissance bronzes; organic varnishes; thickness; reflectance FT-IR; optical coherence
tomography; microprofilometry; eddy current

1. Introduction

Organic varnishes were often applied on small historical bronze statues, typically
made for private collections in Renaissance times, with the aim to not only protect the
surface and enhance the beauty of the finished sculpture but also to hide defects from the
casting process. This organic coating, called patina or patination, is coloured and frequently
translucent; it might contain a mixture of organic and inorganic components such as resins,
oils, gums, dyestuffs, and pigments, often in a very small amount [1]. Over time, the
original patinas may alter due to the environmental conditions of either the museum,
the gallery, or, generally speaking, the space for the display of the artwork. Later on,
conservation treatments can be carried out by applying a variety of organic varnishes both
to prevent the development of corrosion and for aesthetic reasons. Since the early 2000s,
the translucent patinas on small-size bronze statues have become the focus of interest of
many research groups [2-9]. For instance, at the Frick Collection in New York, a systematic
study of their bronze collection has recently started, and in 2017, the symposium “Organic
Coatings and Patina on Bronzes Study Day” was organized, where experts from around
the world shared their knowledge and experience on this topic.
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At the Opificio delle Pietre Dure (OPD), a variety of analyses of coatings are carried
out as part of the conservation project; indeed, the characterization of the composition of
organic materials on the statues’ surface has a remarkable impact on both the conserva-
tion/preservation actions and the understanding of the technologies and materials used by
the different workshops. However, the complexity of the original blends, their degradation
and alteration over time, as well as the coexistence of materials added for conservation and
maintenance purposes, make their identification a challenging goal [2]. As far as small-scale
objects exhibiting very well-preserved surfaces are concerned, even an extremely small
scrape for taking samples results in a visually impacting flaw. Moreover, their small size
makes it difficult to find a region suitable for sampling, thus restricting the use of techniques
such as gas chromatography-mass spectrometry (GC-MS) [3,4].

A few years ago, in the framework of a thesis carried out at the OPD School of
Conservation on the study of organic coatings on indoor Renaissance bronzes, a set of
mock-ups was specifically prepared using commercial materials and following the recipes
described in Renaissance sources to simulate the possible sequences used for varnish
coatings in the past [10]. The materials were used either on their own or in mixtures and
were laid in different sequences. Although incomplete and only partially compliant with
the ancient materials, the mock-ups are aimed at investigating the historical procedures
to ascertain the use of the different agents and the effects achieved thereafter and are the
starting point for generating a reference database for the analysis of coatings.

The work presented in the current paper is therefore part of a broader project that
involves the preparation of more samples by varying both ingredients and treatments. The
goal of the work is twofold: (a) to help understand the historical procedures of patination
and the visual effect achieved on bronze surfaces and (b) to build up and enlarge an
analytical database of organic coatings on bronze supports to study the correlation among
the thickness, colour, spectral features, and texture of the coating. Furthermore, the samples
will undergo accelerated and natural ageing, cleaning tests, and restoration interventions
consisting of the application of a new patina. The final and challenging aim of the general
project is the ascertainment of the composition and morphology of the original patina
when the latter is covered by deposits or materials due to restoration. In the framework
of the project, other noninvasive methods for the in situ thickness evaluation of coatings
will be considered (e.g., portable X-ray fluorescence, ellipsometry, and interferometry),
and other techniques such as GC-MS and Raman spectroscopy will be included for the
compositional analysis.

The subset of mock-ups discussed in this work is meant to be the starting point for
building a collection of reference materials and related analytical data to be shared among
researchers working on this subject. The samples have been characterized by means of a
set of noninvasive techniques, i.e., reflectance FTIR (r-FTIR), eddy currents (EC), optical
coherence tomography (OCT), and micro-profilometry (MP) for analysing the composition,
thickness, evenness, and topography of the various varnishes.

Comprehensive information about the surface morphology and the composing materi-
als is fundamental when choosing proper conservation treatments; old layers of superim-
posed wax or varnishes with embedded dust often obscure the appearance of the surface,
and their cautious and selective removal is necessary to achieve the shine of the original
surface. Mapping the materials and thicknesses across the surface is also fundamental
when selecting the areas where a limited number of meaningful samples can be taken by
scraping, whenever the invasive analysis is needed to provide more insights. A similar
approach has been proposed for the study of the varnish layers on musical instruments
such as violins [6].

Tests performed on the mock-ups have set the precedent for a more aware use of these
techniques. As a proof of concept of the multi-analytical approach presented herein, the
results obtained on a Renaissance relief from the National Museum of Bargello in Florence
(Italy), featuring a reddish semi-transparent varnish layer, are discussed.
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2. Materials and Methods
2.1. Mock-Ups Simulating Historical Reconstructions and Renaissance Relief

The first aim of the mock-ups simulating historical patinated bronzes was to check the
visual effect of various blends on the metal surface and to test how far varying ingredients
and application processes may impact the final result in terms of spreadability, appearance,
and evenness of the varnish layer. Although several recipes for colouring copper alloys
were applied on the metal coupons to produce the mock-ups, the range of options is so
wide that reproducing all the possible real cases is impossible. The choice of patination
methods and mixtures was based on old handbooks and historical treatises [11-15]. Since
the case study presented herein is a reddish-coloured relief, in this paper, we focused on the
varnishes imitating the red tone surfaces of many Renaissance bronzes. For reproducing
the red coatings, valuable indications are provided by the pioneering work of Stone [1],
who tested the effect of adding red lake and other colourants to transparent varnishes.
He suggested that also burgundy pitch, a resin extracted from spruce trees (Picea species),
might have a key role in the achievement of the final tone. As an implementation of
the work of Stone, we prepared some samples where iron-based pigments were added
to the transparent varnish. This practice is suggested by Massimiliano Soldani Benzi
(1656-1740) [16] who asserted that pigments containing iron are very important to bring
about a red hue.

Many variables have an impact on the final appearance of the coated bronze; the most
remarkable ones include the following:

(1) The alloy composition. It is reported that since ancient times, the choice of alloy
composition for statuary was based not only on workability and castability but also on
colour [17]. Apart from their colour, the distinct alloys react differently to hot or cold
treatments. The coupons of our project were produced by Fonderia Battaglia (Milano,
Italy), according to two formulations: a quaternary alloy (Cu 88%, Sn 6%, Zn 4%, Pb 2%)
and a 90-10 bronze (Cu 90 wt %, Sn 10%). Both compositions are quite representative of
Renaissance alloys, though several variations (in terms of lead content and the presence of
trace elements such as arsenic, antimony, and iron) are found, depending on the period, the
workshop, and the artist’s evolution. All the coupons tested for this work belong to the
quaternary alloy group; the composition of the naked coupons was checked by portable
X-ray fluorescence;

(2) The mechanical refinement (chiselling, filing, abrasion) of the metal substrate.
These procedures affect the surface morphology, which in turn may change the adhesion
of the coating and its reflectance properties. The surfaces of our coupons were degreased
with acetone and smoothed with fine abrasive paper (grit 220), and no other refinement
was applied in order to limit/restrict the number of variables;

(3) Pre-patination treatments with heat or chemicals (acidic and alkaline). In this case,
the combinations that could have a considerable effect are cold or warm substrates treated
with either cold or warm solutions. We tested the effect of the application of warm solutions
as well as the effect of post-heating on the patinated coupons. We also applied a 5% caustic
soda solution on some coupons before laying the coating.

The list of the recipes tested in this work (a subset of a more comprehensive one) is
reported in Table Al in the Appendix A, along with the methods for preparing the substrate.
More information on the procedures is given in Appendix A.

A 1 cm? square fragment was cut from five samples, embedded in polyester resin, and
polished to prepare reference cross-sections for scanning electron microscopy (SEM) for
cross-comparison with the other techniques.

After analysing all the mock-ups (Figure 1a), we have investigated a bronze relief
(20 cm x 13.5 cm) depicting the Lamentation over the Dead Christ (Compianto, Figure 1b)
and featuring a transparent patination layer with a reddish hue. The artwork was made in
1470 by Bertoldo di Giovanni, Donatello’s pupil, and is on display at the National Museum
of Bargello (Firenze, Italy).
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(b)

Figure 1. (a) Set of mock-ups made following historical recipes of organic coatings on copper-based
alloy, and (b) Lamentation on Dead Christ, Bertoldo di Giovanni, bronze relief, 20 cm x 13.5 cm,
Museo Nazionale del Bargello, Firenze.

2.2. Fourier Transform Infrared Spectroscopy (FTIR)

The instrument used for reflectance Fourier transform infrared spectroscopy (FTIR
or 1-FTIR) was an Alpha FTIR Spectrometer (Bruker Optics, Ettlingen, Gemany) equipped
with a module for external (specular + diffuse) reflection with an angle of incidence of 25°.
The spectral range is 400-4000 cm~! with 4 cm ™! resolution. Background spectra were
recorded using the reference cap with a gold-coated mirror.

In order to probe the homogeneity of the varnish layers, on each sample, three areas of
5 mm diameter were analysed by acquiring 100 scans for both the background and sample
spectra. Spectral analysis was made with the OPUS software (8.8 release).

FTIR measurements in transmission (t-FTIR) mode were also performed by means
of a Thermo Nicolet NEXUS spectrometer. Scrapings from the surface of the mock-ups
were homogenously ground in a mortar with KBr to make pellets. The spectral range
is 400-4000 cm ™! at 4 cm ™! resolution. Spectra were acquired using 128 scans. Chips
or drops of raw materials were analysed with t-FTIR to check their composition and to
use them as a reference. In order to be able to focus on small regions of interest, the IR
Continuum microscope in reflection mode was used to measure Bertoldo’s relief in the
range of 600-4000 cm~!. Owing to the weathering of the materials and the small size of the
analysed area (square of <50 um side), acquisitions of up to 356 scans were necessary to
obtain a good signal-to-noise ratio. Spectral analysis was made with the OMNIC Specta
software (2.2.43 release).

The acquired spectra have been plotted either as absorbance A or pseudo-absorbance
A’, where A’ = log (1/R), for t-FTIR and r-FTIR spectra, respectively, without normal-
ization or baseline corrections. A smoothing filter was applied to the microtransmission
spectra. Transmission spectra of raw materials (not reported) were also acquired and
compared to the reference spectra reported in the literature and those of the in-house and
online databases.

2.3. Optical Coherence Tomography (OCT)

Optical coherence tomography is a noninvasive interferometric method for the non-
contact imaging of the internal microstructure of semi-transparent or transparent materials.
It provides high-resolution cross-sectional tomograms of samples, which moderately scat-
ter and/or absorb the probing light. In recent years, OCT has been used for the study
of artworks [18-23] for the visualization of low-scattering varnish and semi-transparent
paints, sometimes enabling the visualization of underdrawings.
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A spectral-domain OCT device (Telesto-II by Thorlabs, Newton, NJ, USA) was used,
operating at 1300 nm centre wavelength, with a 3.5 mm maximum imaging depth, 5.5 um
axial resolution in air, and 13 um lateral resolution. In this study, an average refractive
index of 1.5 was considered for the organic varnish layers.

2.4. Microprofilometry (MP)

Microprofilometry is an incoherent-light interferometric technique allowing for dis-
tance and multidimensional measurements at the micrometric level [24,25]. The micro-
profilometer used is a custom-made device developed by the Heritage Science Group of
CNR-INO. The instrument is based on a commercial probe, composed of a laser diode at
A = 655 nm and a birefringent crystal sandwiched between two circular polarizers, mounted
on two motorized high-precision linear stages for horizontal and vertical displacements.
For the present application, the probe was equipped with a 50 mm lens, which sets a
stand-off distance of 4 cm with 8 mm dynamic range and 1 um axial and 20 um lateral
resolution [26].

2.5. Eddy Currents (EC) Gauge

A thickness gauge (LEPTOSKOPE by Karl Deutsch, Wuppertal, Germany), based
on the Eddy Currents (EC) method, was used for evaluating the coating thickness; the
measurement area is 1 mm diameter, and the zero calibration procedure was performed on
uncoated portions of the samples. The calibration of the instrument was checked on the
uncoated parts using plastic foils of known thickness. On each sample, 10 evenly distributed
measurements were taken and averaged. The main advantages of the EC device are the
portability (it is a hand-held device), ease of working, and fast response. However, its use
has some drawbacks: it is a contact and point-wise probe, it is unable to take measurements
near the edges, and good planarity of the measured surface is required. Surface roughness,
defects not visible to the naked eye, and pores cannot be reliably measured. Since the
zeroing needs to be carried out on the same substrate, a free (uncoated) area of the surface
is needed. Reliable measurements are not achievable for thicknesses below 3-5 um [27,28].

2.6. Scanning Electron Microscopy (SEM)

Scanning electron microscopy was performed with an EVO ® MA 25 microscope
(Zeiss, Oberkochen, Germany) operating at variable pressure. Square fragments cut from
the patinated samples have been gold sputtered prior to embedding them in polyester resin.
After drying, the resin blocks were polished with abrasive paper and carbon-coated. The
gold coating makes the organic film visible in the cross-section and allows us to check that
the polishing phase does not affect the varnish film continuity [29]. Images were acquired in
high vacuum conditions using 20 kV voltage and 200 pA beam current, with a backscattered
(BSE) and secondary (SE) electron detector. Elemental analysis was performed with the
energy-dispersive probe X-MAX 80 mm? (Oxford, High Wycombe, UK). AZTEC® software
(version 4.0) was used for acquisition and image processing.

3. Results and Discussion
3.1. Mock-Ups

An example of the results obtained with the combined use of MP, SEM, and OCT is
shown in Figure 2 for mock-ups A1-A2. The samples were prepared with a basic mixture
of linseed oil and mastic resin in spirit of turpentine (1 part of oil: 1 part of mastic varnish)
(see Appendix A), with the addition of either madder lake or hematite grains (sample Al
and A2, top and bottom of the coupon, respectively). In both cases, the varnish applied
showed a reddish tone; nonetheless, the diverse viscosity of the two mixtures produced
coatings with significantly different characteristics: the different hue is clearly discernible
in the visible image (Figure 2a); the different morphology appears in the raking light image
from the MP (Figure 2b) and the distinct thickness in the differently treated areas is visible
in both SEM and tomographic images (Figure 2c—g).
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The varnish thickness measured with the eddy current gauge, reported in Table 1, is
the mean over ten values acquired in the areas highlighted in yellow in Figure 2a and is
equal to 54.6 = 2.0 um, 101.0 £ 6.0 um, and 13.8 £ 2.2 pm for sample Al left, Al right, and
A2, respectively, and the error is the standard deviation of the values’ distribution. The
three cross-sections were acquired by OCT along the red arrows in Figure 2a. In the first
two images, the thickness appears rather inhomogeneous on the micrometric scale: layer
Al, with madder lake, has a thickness in the range of 38.9-71.2 pm and 78.0-123.6 um for
the left and right halves, respectively (Figure 2e—g). Sample A2, with hematite, is thinner
than A1, having a thickness ranging from 12.1 to 16.6 um. The mean thickness values
measured with OCT are in good agreement with the EC ones (Table 1). The OCT standard
deviation accounts for the variability of the thickness along the tomographic cross-sections;
huge standard deviation values are found whenever the thickness coating is highly uneven
or bubbles or gaps are present, whereas small standard deviation values indicate an even
layer. Due to the great variability of the thicknesses over the tomocubes, in Table 1, the
thickness range measured with OCT is reported for each area, in addition to the mean
value and the standard deviation.

Table 1. Thickness value as measured with the EC gauge and OCT. The measurement areas are

highlighted in yellow.
Sample Region of Interest (ROI) Thickness (um)

EC 19.7 £ 0.9

0 OCT 19.6 + 6.8
Range OCT 8.1-24.6

EC 359+3.0

1 OCT 41.2+182
Range OCT 18.5-71.1

EC 197 £1.0

3 OCT 13.8 + 6.1
Range OCT 7.5-20.3

EC 251+£25

4 OCT 26.8+6.9
Range OCT 18.3-35.3

EC 54.6 £2.0

Al left OCT 55.8 +14.9
Range OCT 38.9-71.2

EC 101.0 £ 6.0

Al right OCT 99.3 £18.0

Range OCT 78.0-123.6
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Table 1. Cont.

Sample Region of Interest (ROI) Thickness (um)
EC 13.8 +22
A2 OCT 14.35 + 3.2
Range OCT 12.1-16.6
EC 33.8+23
Bl OCT 34.7 +£10.5
Range OCT 21.9-49.3
EC 257.0 £ 8.0
B2 OoCT 257.1+£122
Range OCT 245.9-276.3
EC 39.7+1.0
B2 bis OCT 38.5+3.6
Range OCT 35.1-42.0
EC 180.0 3.0
Co OCT 179.9 £25
Range OCT 174.3-182.6
EC 151.3+9.5
C1 OCT 1255+ 18.3
Range OCT 73.3-148.0
EC 404+ 1.6
C2 OCT 428 £6.2
Range OCT 30.2-48.6
EC 219 £22
18 up
(E2) OCT 204 +53
Range OCT 12.9-25.6
EC 186+ 1.6
18 down
(E2) OCT 19.1+37*
Range OCT 16.8-21.4
EC 176.6 £ 1.3
19 up (F1) OCT 173.8 £ 12.7
Range OCT 146.4-189.1
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Table 1. Cont.

Sample Region of Interest (ROI) Thickness (um)
EC 494+ 4.6
19 down (F1) OCT 411473
Range OCT 35.3-49.3
EC 66.7 £2.5
20
(F2) OCT 66.3 =44
Range OCT 64.0-67.9
EC 243+11
21 sx
(G-al) OCT 26.1+8.5
Range OCT 15.8-40.5
EC 244+14
21 dx
(G-al) OCT 25.6 +6.2
Range OCT 18.8-37.6
EC 309+0.7
22
(G-a2) OCT 28.5+9.8
Range OCT 17.5-48.0
EC 23.6 £2.9
23 bottom
(G-b2) OCT 252 +9.7
Range OCT 13.7-46.0
EC 243+1.6
23 up
(G-b2) OCT 30.6 £18.0
Range OCT 12.8-61.0

* (125.0 microns on the bubble).

The MP raking light image (Figure 2b) enhances the different morphology of the two
samples: in both cases, the pigment grains are clearly visible, being thinner in sample A2
than Al. In the same figure (Figure 2c,d), SEM images of the cross-sections of the fragments
taken from the varnished coupons are reported. Thickness values for both layers match
those measured with OCT (Figure 2d), spanning the 10-20 pm range for the mixture with
hematite and the 40-70 um range for the recipe with madder lake. Moreover, it is clear that
pigment grains affect the morphology of the varnish layer, in agreement with the MP image.
Madder grains, on the other hand, are more embedded in the thicker layer of sample Al,
which shows a greater surface smoothness.

At large, we cannot detect the surface of a transparent material by microprofilometry,
whereas the morphology of a coloured material, such as in this case, is measurable. From
MP topographic maps, it is possible to extract the profile along any direction; therefore, the
coating thickness of sample A can be determined by the difference between two adjacent
areas but not in an absolute way. As the main goal of the present work is identifying a
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noninvasive measure of the coating thickness of a historic bronze relief, the results from
eddy current, optical coherence tomography, and FI-IR are compared; MP is applied on
the artwork to show the overall morphology both as a colour scale and a simulated raking
light image.

b b bt S L e

Al left

Figure 2. Samples Al and A2. From left to right: visible (a,b) MP-simulated raking light image;
(c,d) backscattered electron images of cross-sections; (e-g) OCT tomograms (9 mm x 0.7 mm). Yellow
squares show areas tested by the Eddy Current and OCT probes, while the red arrows indicate the
OCT scan line.

Both A samples were compositionally investigated with reflectance FTIR, and trans-
mission FTIR spectra on scraped powder were recorded for comparison. Figure 3 shows
the r- and t-FTIR spectra for sample A2 with hematite. It should be pointed out that the
mixture underwent a heating process upon application on the metal substrate (Table 1): the
thermal treatment at 130 °C may have led to some chemical changes compared to a fresh
mixture. The spectra of sample A2 are dominated by the linseed oil features. Specifically,
the C=0 stretching signal in the transmission mode is centred at 1740 cm ™!, with only a
minor broadening at ~1715 cm~! (C=O vibration for triterpenoid resin), while the C-H
stretching band is peaked at 2930 cm ™!, with a faint broadening on the higher wavenumber
side (the same vibration for mastic is at 2948 cm™1). The presence of resin in the mixture is
made evident by the C-H bending band at 1380 cm ! (dotted line in Figure 3) [30,31].

Weighed linear combinations of the absorption spectra of the pure linseed oil and
the mastic resin were tested (using an option of OMNIC software) to obtain synthetic
transmission spectra of mixtures with various percentages. Although the filtration of
the mastic dissolved in turpentine filtered off a small amount as residue, the weight
percentage of resin in the varnish can be estimated as 10%. The processed spectra showed
that the minimum content of mastic resin in the mixture with linseed oil that can be
undoubtedly identified is 10% [32]. This evaluation refers to nonweathered mixtures,
without modifications due to the heating process. As for the pigment addition, in the
transmission spectrum of Figure 3, the absorption bands of hematite (sample A2) are clearly
detected in the low-frequency region at ca. 470 cm~! and 540 cm ! [33].

Compared to the transmission one, the reflection spectrum of this sample, reported in
the same figure, shows enhanced signal intensity and only minor changes in band shape.
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For varnishes on highly reflective surfaces, such as metals, the sensitivity in reflectance is
greater than in transmittance, owing to the twofold path of the IR beam through the organic
layer (transflection). Reflection IR spectra of films on highly reflective metal surfaces
bear a close resemblance to IR absorption spectra of the film materials, thus making them
straightforward to interpret. However, band distortions are only absent if the conditions
d/A << 1and n(A) >> k(M) are fulfilled and the dispersion of n(A) is small, where d is the film
thickness and n(A\) and k(M) are the refraction index and extinction coefficient of the material
of the coating. In the case of organic molecules, such as the constituents of varnishes on
bronzes, the n(A) >> k(A) condition is usually met [34,35]. Where film thickness is concerned,
layers in the 5-70 pm range are far from the above condition (A in the mid-infrared region
spans from 2.5 to 25 pm). Furthermore, the actual surfaces of bronze or brass artefacts are
not mirror-like, since a certain extent of roughness is introduced by surface finishing, cold
work, or oxidation. Thus, in the investigation of bronze artefacts, the spectra of organic
patination obtained with the reflection method may be distorted, losing the resemblance to
the absorption spectra of the varnish materials.

The more intense the bands are, the sooner they vary in shape and position with
increasing thickness. Distortions may lead to misleading interpretations: for example, the
change in band shape may be interpreted as the onset of a shoulder of the main absorption
band. In spite of film thickness not matching the d/A << 1 condition, relatively undistorted
spectra may be obtained from thicker films on metal surfaces. In the reflection spectrum
of Figure 3, the stronger bands at 2928, 2856, 1740, and 1166 cm ! show moderate shape
distortion, namely broadening, the onset of a shoulder at 1715 cm !, and a shift to higher
wavenumbers. The same applies to the hematite bands. The 1460, 1380, 1245, 1101, and
ab. 722 cm~! bands, the latter three assigned to linseed oil, show either no or very low
distortion. Features like the C-H rocking at 722 cm~! and the 980 cm ! one (out-of-plane
C-H bending in not conjugated or conjugated trans double bonds) are more intense in the
reflection spectrum than in the transmission one, owing to the deeper penetration of the
beam at higher wavelengths. Given the higher thickness, the reflection spectrum of sample
Al (oil-resin with madder lake), shown in Figure 3, is obviously distorted with intensity
reduction, major broadening, and band shape changes. The C-H rocking at 722 cm ! of oil
(little k), however, is still undistorted.

470
2930 1740 1380

Absorbance (a.u.)

3000 2000 1000
Wavenumber (cm-)

Figure 3. Reflectance FTIR spectra of samples Al (Al r) and A2 (A2 r), showing huge and small
distortions, respectively. Transmittance spectrum of A2 (A2 t) is shown for comparison.

Sample B1, different from the basic oil-mastic varnish described in Appendix A, was
prepared by mixing the finely grounded mastic with linseed oil and heating the blend up to
130 °C for 30 min, with a weight ratio of the two components of 50:50. The t-FTIR spectrum
(Figure 4) shows the C=0 stretching band of the oil at ~1740 cm~! with a shoulder peak
at 1715 cm~! assigned to the mastic resin (dotted line), while in the reflection spectrum,
both peaks are distorted and the maxima appear shifted to higher wavenumbers. In the
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same figure, the spectrum of sample G a2 is plotted: in this case, as the recipe does not
include any resin, the fake shoulder at 1715 cm ™! is produced by the distortion of the C=0O
stretching band of the oil at ~1740 cm ™!, which may mislead the spectrum interpretation.
The reflectance spectra of Bl and G a2 are differentiated in the 1320-1450 cm~! range,
where the position, shape, and relative intensities of the three bands allow assessing of the
presence of the terpenic resin in the blend for B1.

1740 5 14801300
B1t
B1r
Bl
S
[
=
8
5 azr
38
<
3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1)

Figure 4. Reflectance and transmittance FTIR spectra of sample B1 (B1 r and B1 t) and reflectance
spectrum of sample G a2 (G a2 r). For sample B1, the oil/mastic weight ratio is 50:50, whereas sample
G a2 was prepared with a mixture of oil and hematite.

In Figure 5, the results on sample C1 (Venetian turpentine + dragon’s blood, heated;
thickness in the 73-148 um range) are shown: the r-FTIR spectrum is compared to spectra of
pure heated Venetian turpentine and dragon’s blood in transmission mode. A broad band
with a sharp downhill centred at ~1705 cm ™! arises from the superimposition of the C=O
stretching bands of both turpentine and dragon’s blood [36,37]. The broadening on the
high wavenumber side could be due to the heating process of the resin. The characteristic
band of diterpenic resins at 827 cm~! is displayed undistorted [37]. In spite of evident
distortions, characteristic bands of dragon’s blood are displayed in the spectrum (C=C
aromatic stretching at 1603 and 1450 cm 1) [36].

In Table 1, the thickness, as measured with the ED gauge and OCT, is reported for all
samples. Comparing thickness values with the total reflection FTIR spectra, it is evident
that, for varnish thickness above 10 um, the spectral features show significant distortions,
independently from the composition of the blend. In the range of thickness from 10 to
ca.25 um, the signals show minor to major distortions, especially affecting the C-H and C=0
stretching bands, respectively, at 2938 and 1730 cm~!, while in the case of higher thickness,
severe distortions of all the bands appear, making the interpretation very challenging.

3.2. Bertoldo’s Relief

The relief, described in Section 2.1, features a reddish varnish with substantial craque-
lure. The 3D model was acquired by MP: a 50 um sampling step was set for both X and Y
scanning directions, and the resultant topographic map in colour scale is shown together
with the raking light image produced from the 3D map in Figure 6a and 6b, respectively.
The term relief comes from the Latin relevare, ‘to lift": creating a sculpture in relief means in
fact giving the impression that the sculpted material has been lifted above the background
plane. The coloured-scale map emphasizes the relief method where the sculpted elements
stick to a solid base of the same material. Therefore, on the background plane at zero height,
appearing in a blue shade in Figure 6a, a set of figures is superimposed at nearly 6 mm
from the background, with the emerging central group (Christ and female mourners with
outstretched arms) lifted in the range 7-10 mm from the background. The raking light
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1000

image highlights the unevenness of the surface: the folds of the garments, the hair, and the
veil are a shining example of relief and inlaid decoration. The lack of a flat surface and the
presence of areas in relief with curved edges delimiting the characters did not allow for
reliable EC measurements. Therefore, the only way for evaluating the varnish thickness
was OCT: eleven ROIs (regions of interest) were selected to capture surface areas with
different characteristics, from very smooth to very rough, from concave to convex regions,
which are highlighted in red in the raking light image (Figure 6b). OCT measurements

were then performed on eleven gauge volumes of size 4 x 4 x 1 mm?.

1705 1450

VT tr
DB tr

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm-1)

Absorbance (a.u.)

Figure 5. Reflectance FTIR spectrum of sample C1 compared to the transmittance spectra of the
ingredients of the blend, dragon’s blood (DB tr) and heated Venetian turpentine (VT tr).
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Figure 6. Topographic map in colour scale and raking light image produced from the 3D model by
microprofilometry. ROI measured by OCT are highlighted in red.

In Figure 7, the OCT results on ROI 4, 8, and 10 are reported, which were chosen as
representative of the different surface morphology to evaluate possible differences in the
patina layering. The charge-coupled device (CCD) camera snapshot shows the appearance
of the surface under white light lighting, where the gauge volume analysed with OCT is
highlighted in white. The 3D rendering shows the upper surface (xy section) of the acquired
tomocube, where some characteristic markings such as small craters are recognizable. For
each RO, three cross-sections, highlighted in red, are then reported to show the huge
variability in the patina characteristics. ROI 4 (Figure 7a), on Christ’s chest, although
showing a smooth surface, is characterized by an uneven patina with a thickness in the
1624 pum range, with regions reaching 32—48 um where material accumulation is present.
ROI 8 (Figure 7b), on the background between the faces of the two women holding Christ’s
body, is characterized by an imperfectly smooth surface whose patina thickness ranges
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from 17 to 25 pm. At furrows, the thickness ranges from 44 to 83 pm. ROI 10 (Figure 7c),
on the forearm of the woman holding Christ’s legs, has the most corrugated surface: the
three cross-sections show the patina filling the holes as well as a nearly uniform layer
(13-28 pm) covering the surrounding surface. In some craters, the OCT signal shows the
presence of a highly scattering material, probably due to a mixture of patina, dirt, and metal
corrosion products. Although the overall shape of the analysed surfaces is far from flat,
OCT measurements were performed in a noninvasive and noncontact way, allowing the
thickness of the patina to be determined at any point in the bronze relief. The imaging of the
cross-section outlines the unevenness of the surface organic layer. In some limited portions
of the cross-sectional tomograms (e.g., Figure 7c, slice 3), it is possible to see a second,
very thin layer superimposed on the first one. This noticeable feature of the tomogram is
worth exploring more deeply since it paves the way to noninvasive stratigraphic imaging
of bronzes.

Given the small size of the artefact and its translucent surface, any scraping would be
highly visible; therefore, it was mandatory to limit the use of sampling as much as possible.
The relief was placed on the FTIR microscope stage for the analysis, which allows it to focus
on smaller areas than the portable instrument. More micro-areas were analysed inside the
ROIs of OCT. First, a spectrum was recorded on a gap of the reddish varnish, which is
shown in Figure 8, along with the spectrum of the red patina layer on the background (OCT
ROI 8) and the transmission spectrum of a single grain of the red patina taken with a needle
below the external wax layer. As for the unvarnished area, undistorted CH stretching at
2920 and 2850 cm ™! and CH, scissoring at ca. 1460 cm ! are the only features present in
the spectrum. Their shape and position are indicative of the presence of paraffinic wax [31],
probably applied during a past restoration intervention. The presence of the wax wholly
or partly covering the surface of the relief might account for the double transparent layer
detected in some areas with OCT. The regular treatment with wax includes a final phase of
polishing, which makes the wax layer extremely thin. This is in agreement with the barely
distorted bands in the FTIR spectrum and with the fact that in most of the areas tested, the
thickness may be below the detection limit of OCT. Reflectance spectra of areas with the
patina show a peak in the carbonyl region at 1715 cm ™!, which can be ascribed to an aged
triterpenoid resin (dammar, mastic) [30] with a shoulder at a higher wavenumber, which
could be related to the C=0 stretching band of a lipid. The C-H stretching bands peaked at
2920 and 2850 cm ™!, matching the band position of the wax on the unvarnished area, and
showed a broadening on the higher wavenumber side, which is further evidence of the
presence of the resin. Also, the weak band at ab. 1690 cm~! may indicate the C=O stretching
vibration of a diterpenoid resin, such as Venetian turpentine, sandarac, or colophony [31,32].
Compared to the transmittance spectrum in the same figure, the reflectance one exhibits
very broad and unresolved bands, even though it is not affected very much by changes in
the shape and position: even though the OCT results in this ROl indicate a patina thickness
varying from 19 to 83 pum, the 0°/0° geometry of the FTIR microscope may account for less
distorted bands in the spectra than those recorded with the portable instrument, given the
shorter optical path in the layer. In particular, in the transmittance spectrum, the bands at
1715, 1460, and 1380 cm ™! allow the identification of a terpenoid resin, while the signals at
ca. 1605 and ca. 1510 cm ! can be assigned to aromatic C=C symmetric stretching and C=O
stretching in long-chain metal carboxylates, respectively. Aromatic bonds could indicate
that either a natural dye containing flavonoids was added to the varnish or a terpenoid
resin was present that underwent a heating treatment [37].
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Figure 7. ROI (a) 4, (b) 8, and (c) 10. Image from the CCD camera with the measured tomocube
highlighted in white; tomocube rendering with the three cross-sections highlighted in red; cross-
sections with thickness values highlighted in yellow.

The relief was then put into the SEM chamber, operating in low vacuum conditions, to
investigate the presence of inorganic fillers or pigments in the patination layer. EDS spectra
of an area without the varnish show the elements of the alloy (Cu, Sn, Pb, Ni), while on the
varnish layer, silicon, aluminium, iron, magnesium, potassium, titanium, calcium, sulphur,
and phosphorous were detected. Apart from calcium and sulphur, which can be related to
calcium sulphate (gypsum), characteristic elements of Fe-bearing aluminium silicate are
present. The latter may be indicative of the addition of a clay-based red pigment. To the
best of our knowledge, no other evidence of the presence of a red pigment in varnishes of
Renaissance bronzes is reported: this is a very intriguing clue on how the reddish tone so
popular in the Florentine Renaissance bronzes was achieved.
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Figure 8. Detail of the reddish patina of Bertoldo’s relief (a), and (b) micro reflectance-FTIR spectra of
areas with no varnish (top) and with varnish (middle). Reflectance spectra are reported together with
microtransmittance spectrum (bottom) of a grain of the varnish. All spectra are normalized.

4. Conclusions

In this paper, we present the preliminary results of a broad project aimed at investi-
gating organic coatings on indoor historical bronzes. A multi-analytical approach, based
on a set of noninvasive techniques, was applied to study the composition, thickness, and
morphology of both a series of mock-ups and a real artwork, a Renaissance bronze relief.
The samples were made according to ancient recipes to simulate the translucent reddish
hue of Giambologna’s workshop and the dark coating typical of workshops located in
Veneto (Northern Italy). The results of all the measurements carried out in this work have
proven useful in drawing and validating a protocol for the scientific investigation of organic
coatings on bronze statues, which is the leitmotif of this paper. A sum-up of the operating
features and sample shape requirements for each noninvasive method is shown in Table 2.

Table 2. Characteristics of the instruments and sample requirements for each technique used for the
noninvasive investigation.

. Spot Size @  Working Distance Thickness Sample Shape
Technique Type Noncontact (mm) (mm) Resolution (um) Requirements
r-FTIR pointwise v 5 - <10 //

EC pointwise X 1 0 3-5 Flat over 1 cm?

. . . Max gauge volume **
*
OCT imaging 4 0.013 25 5.5 in air 10 % 10 x 3.5 mm?

%%

MP imaging v 0.020 43 ~1 Max gauge volume

300 x 300 x 8 mm°>

* to be divided by the medium refractive index. When not known, the n = 1.5 average value is considered.
*10 x 10 mm? is the maximum scanning area, with a focal depth of 3.5 mm. *** 300 x 300 mm? is the maximum
scanning area, with a focal depth of 8 mm.

The homogeneity of the coating surface was explored with micro-profilometry, whereas
thickness measurements were performed with OCT and eddy current gauge. Despite the
easiness of use of the eddy current device, the lack of flat surfaces on the bronze relief and
the difficulty in performing the zeroing procedure prevent its application in the case study.
Conversely, OCT has proven suitable for the survey of objects with complex morphology,
providing cross-sections that in some cases allowed for differentiating superimposed layers.

Since the mock-ups were prepared with the aim of reproducing the characteristic
aspects of real artworks, the morphology and thickness of the patina may be considered
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a reliable approximation of the actual surface of Renaissance small bronzes. Therefore,
the use of total reflection FTIR in real cases must be considered with caution, since only
the spectra acquired on the mock-ups with a thickness up to ca. 10 pm band shape show
little distortion. A threshold of about 10% in weight was confirmed for a reliable detection
of resin in an oil-resin mixture with r-FTIR, in agreement with the data reported in the
literature [31]. Ageing of materials, high thickness, and superposition of nonoriginal layers
in real artworks may lead to shifted, distorted, and not resolved bands in r-FTIR spectra,
thus hampering their interpretation. However, noticeable information was obtained on a
small Renaissance bronze relief, confirmed by the results of FTIR in transmission mode on
a tiny particle sampled on the patina.
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Appendix A. Materials and Methods for the Preparation of the Mock-Ups

Experienced conservators of the Department of Conservation of Metals and Bronzes of
the OPD were in charge of the preparation of the blends and the treatment of the coupons.
For time reasons, commercial raw materials were used for the mock-up preparation. They
all have previously been checked with FTIR in transmission mode, upon grinding and
preparation as KBr pellets and/or with SEM-EDS. Hematite (C1100), red chalk (0097), red
oxide (C0158), litharge (0100), dragon’s blood (0001 E), benzoin (2280), mastic (2230), and
Venetian turpentine (3241) were supplied by Zecchi® (Florence, Italy), which still produces
and trades traditional painting materials. Pigments, either of natural origin (hematite, red
chalk) or manufactured (litharge, red oxide), were in the form of powder or in pieces, while
resins were supplied as raw grains or tears extracted from plants. Burgundy pitch (60320)
was supplied by Kremer (Aichstetten, Germany) as pieces extracted from a European pine.
The solvent Turpentine spirit was supplied by Fidea (Matelica, Italy).

Linseed oil (5816650 supplied by Maimeri®, Milan, Italy) is an industrially squeezed
oil from linseeds.

Madder lake was prepared in the laboratory from Rubia Tinctoria roots (provided by
Bizzarri, Florence, Italy), rock alum, and potassium carbonate, according to the process
described in Kyrby et al. [38].

A common base for many varnishes is the oil-mastic mixture, reported in several
ancient treatises. It was prepared by grinding mastic tears and dissolving them in spirit of
turpentine: after 4 weeks under sunshine, the liquid was filtered and a nearly colourless so-
lution was obtained. The solution was prepared with 25 wt % of mastic, but the proportion
might be slightly diminished after filtration. The manufacturing of the varnish for practical
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use introduced some approximation to the ingredients’ proportions. The oil-resin mixture
was then prepared by mixing one part of linseed oil with one part of mastic varnish.

A description of the individual varnishes’ preparation is reported in Table 2 [10].

Varnishes were applied by brush. All samples were left to dry adequately for a few
months before the analysis.

FTIR and EDX spectra of all materials (not reported here) were found to match those

reported in the literature as references.

Table Al. Ingredients and process for the fabrication of the mock-ups.

Name Ingredients Preparation Notes and Comments
0 Lmseed. oil; Mastic; Spirit of See Appendix A
turpentine
Linseed oil; Mastic; Spirit of 0.2 g of madder lake prepared as
1 turpentine; Madder lake; Rock  in [38] in about 10 mL of
alum; Potassium carbonate oil-mastic varnish (Appendix A)
4 Linseed oil; Mastic; Spirit of 0.2 g of hematite in 2 mL of
turpentine; Hematite oil-mastic varnish (Appendix A)
Linseed oil; Mastic; Spirit of 0.2 g of madder lake prepared as
Al turpentine; Madder lake; Rock  in [38] in about 10 mL of 30 min of heating in a ventilated oven at 130 °C
alum; Potassium carbonate oil-mastic varnish (Appendix A)
Linseed oil; Mastic; Spirit of 0.2 g of hematite in 2 mL of . . . o
A2 turpentine; Hematite oil-mastic varnish (Appendix A) 30 min heating in a ventilated oven at 130 °C
Finely ground mastic mixed with
. . . linseed oil (50:50 ratio); the blend
Bl Linseed oil; Mastic was heated up to 130 °C for
30 min
. . The resin was gently warmed for . . . o
B2 Venetian turpentine LS 30 min heating in a ventilated oven at 130 °C
better application
. . 1 g of dragon’s blood in 4 g of Since the application of the varnish on the cold
Venetian turpentine; . .
C1 Dracon’s blood turpentine, warmed in a water surface turned out not fluent, the metal was
& bath and stirred until dissolved gently heated
. . , 1gof dFagon S l.)l.OOd in4 ) of Since the application of the varnish on the cold
Venetian turpentine; Dragon’s  turpentine, addition of spirit of
Cc2 .. . . ) . . surface turned out not fluent, the metal was
blood; Spirit of turpentine turpentine until the dissolution of ently heated
the dragon’s blood sently
o . First coat applied with circular brushes; second
E2 Linseed oil; Hematite 2.8 wt% c.)f hematite was added to coat made with pure linseed oil (without
linseed oil )
hematite)
Linseed oil; Mastic; Spirit of 0.2 g of madder lake. [38] were The sainple was let d.ry in a vented oven for 3 h
F1 turpentine: Madder lake added to 10 mL of oil-mastic at 130 °C. However, it was not completely dry
P ! varnish (Appendix A) after this time
Burgundy pitch was suggested by Stone [1]
based on analytical evidence on real objects;
Burgundy pitch was added to the  historical references to this resin are found in De
. . . . mixture of sample F1 as 2 wt % la maniere de gravera I'eau forte et au burin, et de la
Linseed oil; Mastic; Spirit of and dissolved upon gentle ravure en maniere noire (1645) by Abraham
F2 turpentine; Madder lake; pong g y

Burgundy pitch

warming in water bath. The
varnish was brushed warm on
the metal

Bosse [13], in the “Vernice dura” recipe.

The sample was dried at 130 °C in a ventilated
oven for 3 h. The addition of burgundy pitch
affected the drying rate and the final
compactness and shininess of the film
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Table Al. Cont.

Name Ingredients Preparation Notes and Comments

Gal Linseed oil; Hematite

The substrate was filed and ground, then treated
with a 5% caustic soda solution applied with
cotton swabs, rinsed with demineralized water,
and air-dried (common process in the Florentine
craft tradition). Subsequent application of the
swabs turned the surface colour from yellow to
blue shades

About 2 wt % of hematite was
dispersed in linseed oil. Three
coats: first one applied with
circular brushstrokes, two further
applied with crisscrossed
brushstrokes

Ga2 Linseed oil; Hematite

About 2 wt % of hematite was
dispersed in linseed oil. One coat
applied with a small brush and
little circular brushstrokes

Gbl Linseed oil; Hematite

About 2 wt % of hematite was
dispersed in linseed oil. One coat
applied with tight brushstrokes in
order to obtain a thin layer

Gb2

About 2 wt % of hematite and
20 wt % of litharge were

Li d oil; H tite; . .. .
mnseed oi; Hematite dispersed in linseed oil. One coat

Litharge applied with tight brushstrokes in
order to obtain a thin layer
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