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Abstract
Bertoldo di Giovanni (ca. 1440–1491) was the primary sculptor and medal worker for Lorenzo the Magnificent (1449–
1492). Despite being one of the most prominent Italian Renaissance artists working in Florence, little is known about
his workshop and practice. The Frick Collection, New York, owns a Shield Bearer, one of a small number of bronze
statuettes attributed to Bertoldo predominantly based on stylistic grounds. This article presents the results obtained
from the scientific analysis of The Frick statuette, including a detailed technical characterization of the casting alloy,
gilding, solder, organic coatings, and other later alterations. An array of analytical techniques was employed, including
X-radiography, micro- and portable X-ray fluorescence (μXRF and pXRF) spectroscopies, scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM/EDS), Raman and Fourier-transform infrared (FTIR) spectroscopies, and pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS). This work supported a larger technical study
of Bertoldo’s statuettes and reliefs related to an exhibition organized by The Frick, which brought together a select
group of medals, as well as eleven bronzes ascribed to the artist, including the museum’s statuette. Close collaboration between conservators, curators, and scientists was critical throughout the study of the Shield Bearer, which also
included extensive visual examination of the object in order to understand details of manufacture, identify sampling
sites, and interpret the collected data. This study confirmed that The Frick figure was cast from the same brass alloy
as a second very similar Shield Bearer in the Liechtenstein Collection, Vienna, suggesting that the two are a pendant
pair that was likely cast simultaneously. In addition, analysis supported the assertion that the copper base on The Frick
sculpture is original and assisted in identifying later alterations in both works. This focused research has expanded
the current knowledge of the sculptor’s materials and methods, enabling scholars to better contextualize his artistic
production within the framework of Italian Renaissance sculpture.
Keywords: Bertoldo di Giovanni, 15th century, Italian Renaissance sculpture, Organic coating, Brass, Bronze, Gilding,
Patina, Solder, Lost-wax cast
Introduction
In the 15th century, between late 1460 and early 1470, a
new kind of artwork appeared in the Florentine artistic
milieu. Even if preceded by a few tentative efforts, bronze
statuettes modeled by Bertoldo di Giovanni, Antonio del
Pollaiuolo, and Bartolomeo Bellano reached their zenith,
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becoming synonymous with the Italian Renaissance [1,
2]. As a disciple of Donatello (1386–1466), Bertoldo di
Giovanni (ca. 1440–1491) was recognized in his time
as the primary sculptor and medal worker for the great
Florentine statesman and patron of the arts Lorenzo the
Magnificent (1449–1492). Although a number of technical studies on 15th-century Renaissance bronzes can be
found in the literature [3–12], Bertoldo’s work was not
the subject of serious technical study until recently [13].
With the exception of his medals, only a small number
of his statuettes and reliefs are known to have survived.
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Three sculptures have been unambiguously attributed to
him based on archival documentation: Bellerophon Taming a Pegasus in the Kunsthistorisches Museum, Vienna,
as well as Orpheus and the Battle relief in the Bargello
National Museum, Florence [1, 14]. A recent study of
Bertoldo’s sculptural work, undertaken in preparation for
a 2019 exhibition at The Frick Collection, New York, has
expanded our understanding of his materials and methods and helped clarify the attribution based on stylistic
grounds of previously questioned works [13].
The Frick Collection owns the only statuette in the
United States that has been recognized as a cast by
Bertoldo. The Shield Bearer (Fig. 1), formerly known
as Heraldic Wild Man, was acquired by the museum
from the collection of J. Pierpont Morgan (1837–1913)
through Duveen Brothers in 1916. Prior to 1905, it was
in the hands of Charles Loeser (1864–1928), an American collector and art historian living in Florence [14].
A similar Shield Bearer in the Liechtenstein Collection,
Vienna, was purchased in 1880 by Prince Johann II von
Liechtenstein from Stefano Bardini (1836–1922), and it
has remained in that collection ever since. Willem von
Bode was the first to attribute these works to Bertoldo

Page 2 of 14

and propose that they are a related pair [15]. Only scant
information is available about the statuettes prior to the
end of the 19th century, and no additional archival documents have been found to establish their connection to
Bertoldo. However, their physical characteristics are consistent with Bertoldo’s documented bronzes and scholars
largely agree that these statuettes are by the artist [14].
In recent decades, technical examination and scientific
analysis of Renaissance bronzes have demonstrated the
potential for fruitful collaborative research that bridges
the fields of art history, conservation, and science [16–
25]. These studies have provided data to support historical and artistic contextualization, and in some cases
solved controversies about authenticity [26]. Compared
to the analysis of alloys, only a few studies of Renaissance
patinas can be found in the literature [21, 27–30]. It can
be very difficult, sometimes impossible, to visually or
analytically distinguish between original and later surface
treatments, including gilding, chemical patination, and
organic coatings. For example, surface coatings are often
poorly preserved, and a substantial amount of sampled
material is generally required to obtain reliable analytical
results. Scientific analysis is further complicated by the

Fig. 1 Shield Bearer, Bertoldo di Giovanni, ca. 1470–80, h. 22.5 cm: a The Frick Collection, acc. no. 1916.2.03 and b The Liechtenstein Collection, acc.
no. 258
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fact that metal surfaces can oxidize and otherwise interact with coatings that themselves degrade or are altered
over time [21]. Although analysis with non-invasive techniques is generally preferred, sometimes micro-invasive
approaches are necessary to yield a more accurate characterization of metal alloys, surface treatments, and later
repairs. This information may clarify details of sculpting
and casting that are specific to an artist or workshop,
and can also inform decisions related to conservation
treatment.
In this context, in-depth scientific analysis of The
Frick Shield Bearer was undertaken to investigate the
statuette’s materials and fabrication techniques, with the
aim of corroborating its stylistic attribution to Bertoldo
and substantiating its connection to the Liechtenstein
Shield Bearer. To achieve this goal, an array of analytical techniques was employed, including digital X-radiography, micro- and portable X-ray fluorescence (μXRF
and pXRF) spectroscopy, scanning electron microscopy
with energy-dispersive X-ray spectroscopy (SEM/EDS),
Raman and Fourier-transform infrared (FTIR) spectroscopies, and pyrolysis-gas chromatography/mass
spectrometry (Py-GC/MS). Results of this work were
compared with data obtained from the analysis of Bertoldo’s bronzes in other collections by the corresponding
study conducted at The Frick. Previous research suggests
that many 15th-century sculptors, including Bertoldo,
cast primarily in low tin bronze. It is interesting to note
that the Shield Bearers—the artist’s only gilded statuettes—were the lone exceptions that were identified as
brass in The Frick survey. Analysis of the solder, in conjunction with radiography, confirmed that the copper
base on The Frick statuette is original, while visual examination and radiographs provided additional evidence of
later alterations to other areas of the cast. This research
supported the larger study to clarify the attribution of
Bertoldo di Giovanni’s bronzes through technical examination and alloy analysis [13].
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Experimental
The Frick Shield Bearer was analyzed with a combination of non-invasive and micro-invasive techniques.
Materials studied include the metal alloy, solder, gilding, and organic coatings. The sculpture was examined
under magnification and using X-radiography to investigate its manufacturing techniques and to evaluate
the extent of any possible repairs. The alloy composition was measured non-invasively by means of pXRF
and μXRF, which are often preferred over methods that
involve sampling of artworks and have proven valuable
for the characterization of copper alloy casts [31–34].
Accuracy of these surface techniques for metal alloy
analysis may be limited by the presence of gilding, other
surface treatments, and corrosion products. Although
there is some evidence that organic coatings may interfere with XRF analysis [35], this influence appears to be
minimal [36]. In addition to non-destructive methods,
seven microscopic samples (Table 1) were removed
from the statuette using micro-scalpels for analysis
with multiple instrumental techniques. Among these,
SEM/EDS was used to characterize the gilding and solders; additionally, Raman and FTIR spectroscopies, as
well as Py-GC/MS, provided information on the composition of the dark organic coatings and on the identity of the corrosion products.
X-radiography Radiography was performed using
Philips MG321 X-ray and Carestream HPX-1 CR systems, equipped with a Philips MCN321 tungsten (W)
target ceramic tube that was operated with a 3-mm aluminum (Al) primary beam filter and collimator, at a distance from the imaging plate of 90 cm, using a Philips
MGC30 control unit. CR high resolution XL Blue
Digital Imaging Plates were sandwiched between lead
(Pb) filters (0.0127 cm in thickness above the plate and
0.0254 cm below). Exposure times were set to 30–60 s,
with voltage and current ranging from 225 kV and
4.2 mA to 320 kV and 3.0 mA. Images were processed

Table 1 Samples removed from The Frick Shield Bearer
Sample

Description

Sampling location

S1

Scraping of black organic coating

Back of proper right knee

S2

Scraping of possibly original gilding

Back edge of panpipes

S3

Scraping of possibly later gilding

Upper portion of shield

S4

Fragment of solder

Inner portion of proper right foot

S6

Fragment of solder

Area at solder line from join between top plate and beveled edge

S7

Fragment of solder

Area at solder line from join between top plate and beveled edge
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using Kodak Industrex software with preset Edge filter
2 to increase contrast and highlight detail.
XRF Two instruments were used to collect data on
the alloy composition. Analysis by μXRF was carried
out exclusively on The Frick statuette with an openarchitecture Bruker Artax XRF spectrometer using
unfiltered rhodium (Rh) radiation at 50-kV voltage,
700-μA current, and acquiring each spectrum live-time
for 60 s in air and with a 1-mm collimator. Spectra were
collected on several spots, selected among locations
with minimal visible gilding, and quantitative data were
calculated using the fundamental parameter-based
quantification method by means of the MQuantCalib
software provided by Bruker. The unit was calibrated
with a Copper CHARM set [37]. Analysis by pXRF was
conducted on the Liechtenstein statuette using a Tracer
5i system equipped with a Rh window X-ray tube and a
silicon drift detector (SDD), with an average resolution
greater than 140 eV at 250,000 cps for the full width
at half maximum of the manganese (Mn) Kα line. The
instrument was operated in air at 50 kV and 17 μA, and
each spectrum acquired for 60 s (live time 52 s). Analysis was carried out with the addition of a 75-μm copper
(Cu), 25-μm titanium (Ti), and 200-μm aluminum (Al)
filter, and the size of the spot analyzed was approximately 8 mm. Quantification of the spectra was performed using CloudCal v.2.0 [38] and a calibration set
incorporating 33 copper alloy certified reference materials (CRMs) [39]. The CRMs consist of metal disks:
fourteen from the Copper CHARM set, seven from
The Frick, and twelve from the Garman Art Conservation Department, Buffalo State College, SUNY. These
disks were produced by MBH Analytical Ltd., European
Commission IRMM, ARMI, and the US Department of
Commerce NIST (or NBS).
SEM/EDS Analysis was conducted on samples
mounted with carbon tape on an aluminum stub, using
a FE-SEM Zeiss Σigma HD system equipped with an
Oxford Instrument X-MaxN 80 SDD detector. Backscattered electron (BSE) imaging, as well as EDS elemental
spot analysis and mapping, were performed under high
vacuum conditions with an accelerating voltage of 20 kV,
on uncoated samples, at an 8.5-mm working distance.
Raman Analysis was performed using a Bruker
Senterra Raman spectrometer equipped with an Olympus 50× microscope objective and a charge-coupled
device (CCD) detector. A continuous wave diode laser
emitting at 785 nm was used as the excitation source, and
two holographic gratings (1800 and 1200 rulings/mm)
provided a spectral resolution of 3–5 cm−1. The output
laser power, number of scans, and integration time were
adjusted according to the Raman response of the sample
analyzed.
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FTIR Analysis was conducted with a Hyperion 3000
FTIR spectrometer equipped with a mercury cadmium
telluride (MCT) detector. The sample was crushed in a
diamond anvil cell (Spectra Tech) and analyzed as a bulk
in transmission mode through a 15× objective. Spectra
were collected in the 4000–600 cm−1 range at a resolution of 4 cm−1. Each spectrum was obtained as the sum
of 256 scans. Spectra were interpreted by comparison
with published literature and library databases available
at The Met, as well as IRUG Edition 2000 and 2007.
Py-GC/MS Analysis was performed on an Agilent
5973N gas chromatograph equipped with a Frontier
PY-2020iD Double-Shot vertical furnace pyrolyzer fitted with an AS-1020E Auto-Shot autosampler. The GC
was coupled to a 5973N single quadrupole mass selective detector (MSD). Samples of 30–50 µg were weighed
out in deactivated pyrolysis sample cups (PY1-EC80F
Disposable Eco-Cup LF) on a Mettler Toledo UMX2
Ultra microbalance. Samples were then either pyrolyzed
without derivatization or derivatized with tetramethyl
ammonium hydroxide (TMAH) before pyrolysis. Derivatization took place in the same cups as follows: 3-4 µl
of 25% TMAH in methanol (both from Fisher Scientific),
depending on the sample size, were added directly to the
sample in each cup with a 50-µl syringe and, after 1 min,
loaded onto the autosampler. The interface to the GC was
held at 320 °C and purged with helium for 30 s before
opening the valve to the GC column. The samples were
then dropped into the furnace and pyrolyzed at 550 °C for
30 s. The pyrolysis products were transferred directly to
a DB-5MS capillary column (30 mm × 0.25 mm × 1 µm)
with the helium carrier gas set to a constant linear velocity of 1.5 mL/min. Injection with a 30:1 split was used, in
accordance with the sample size. The GC oven temperature program was: 40 °C for 1 min; 10 °C/min to 320 °C;
isothermal for 1 min. The Agilent 5973N MSD conditions
were as follows: transfer line at 320 °C, MS Quad 150 °C,
MS Source 230 °C, electron multiplier at approximately
1770 V; scan range 33–550 amu. For samples run with
TMAH, the detector was turned off for 3 min to avoid
saturation by excess derivatizing agent and solvent. Data
analysis was performed on an Agilent MSD ChemStation
D.02.00.275 and results compared with the NIST 2005
spectral libraries.

Results and discussion
Casting techniques

X-radiography provided critical information on the
manufacture and alterations of the Shield Bearers. Both
figures are evenly radiopaque with no evidence of an
internal armature or core, verifying that they are solid
casts that were made in the same way (Fig. 2). Solid lostwax casts are consistent with many statuettes of this
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Fig. 2 Overall radiographs of a The Frick statuette and b the Liechtenstein statuette

period when sculptors and founders were still struggling
with hollow casting [4]. The radiographs display scattered
dark spots throughout the figures, revealing areas of
porosity that resulted from gases that were trapped in the
molten metal during the initial pour or were introduced
into the cast as the metal shrank on cooling (Fig. 2a). A
particular area of retraction porosity, which originates
from the preferential cooling of the metal, is noted in the
neck and upper chest of both figures. The location of this
porosity would suggest that the statuettes were cast with
their heads up and the molten metal was directly fed into
the top of the invested mold.
Although the figures each hold a club and shield in
either hand, early photographs of The Frick Shield Bearer
show that one or both of the attributes were damaged
before the sculpture entered the collection. Radiographs
indicated that the lower club on The Frick statuette was
part of the original cast, and that both the shield and
upper half of the club exhibit fine, evenly distributed
porosity, more typically observed in 19th-century castings. Radiographs of the Liechtenstein Shield Bearer
reveal that the attributes display an uneven internal
porosity, which is consistent with that detected in the rest
of the statuette, supporting the hypothesis that they were
cast as part of the figure (Fig. 2b). The current assumption is that The Frick figure originally held attributes that

were cast as one with the figure and were similar to the
existing restorations, which were likely modeled on the
Liechtenstein example.
Radiographs clarified additional details of the repairs
on The Frick statuette. Small dark rectangular shapes
that are visible in areas where the shield joins the figure’s right hand, lower right leg, and base, confirm the
location of small holes drilled across joins for insertion
of attachment pins (Fig. 3a). The two horizontal holes in
the leg, which are currently filled but no longer contain
pins, could represent evidence of a now missing restoration to an earlier damage, or possibly even a repair to
an original casting flaw in the shield. The flat or rounded
ends of most of these drill holes do not resemble the
pointed holes typically created with modern twist drills,
which are evident in the more recent repairs to the club
(Fig. 3b). Radiopaque solder, visible as whiter areas on
the radiographs, is also evident at the repairs in the club,
hand, and base (Fig. 3).
The Frick statuette base was constructed of three metal
sections soldered together: a cast circular plate, a beveled ring around the top edge, and a second ring soldered around the underside. This construction appears
to be unusual for this period since surviving bases were
generally cast in one piece. The threaded copper rod
that extends from the underside and the circular plugs

Basso et al. Herit Sci

(2020) 8:109

Page 6 of 14

Fig. 3 Detail radiographs of repairs on The Frick statuette of the a shield, right leg and hand, and base, and b upper club

soldered into holes in the front and rear of the main
plate are later additions (Fig. 4a). Radiographs of the
base reveal that a pair of cylindrical rivets connecting
the feet of the figure to the base are cut off casting gates
that are continuous with the legs of the figure (Fig. 4b).
These truncated gates were inserted through similarly
sized holes in the base and flattened by hammering; silver
solder was detected by SEM/EDS in sample S4 removed
from the right foot, indicating that the mechanical join
was also soldered. The practice of incorporating casting
gates to function as joining elements has been noted in
other early Renaissance works [39, 40]. The Liechtenstein
statuette likely had a similar base, but at some point it
was damaged or intentionally removed and the gates on
the underside of its feet were cut off. The base has since
been replaced with a small modern brass plate that is
attached with threaded screws; this was done prior to
its sale in 1880 to the Liechtenstein Collection. A damage and subsequent repair to the statuette’s proper right
ankle may have resulted from this later alteration.
Metal alloys

XRF was performed to determine the composition of the
metal alloys used for casting the Shield Bearers. Results,
expressed as weight percent and normalized to 100%,
are summarized in Table 2. All analyses were carried out

using μXRF, unless otherwise noted in the table. Data on
The Frick statuette’s club are not included due to interference of the gilding with quantitative analysis. The
designation of the alloy terms used henceforth is based
on classifications reported in the literature [31, 39]. The
statuettes were both cast in a medium zinc brass, as
shown by the approximate contents of copper (Cu, 84
wt%), zinc (Zn, 12.50 wt%), lead (Pb, 2.15 wt%), and tin
(Sn, 0.60 wt%), which were identified along with minor
traces of antimony (Sb), arsenic (As), and nickel (Ni).
The shield on the Liechtenstein statuette was found to
have the same composition as the figure, verifying that it
belongs to the original cast. The composition of the rivets under the feet of The Frick statuette was found to be
identical to that of the figure, which proves that they were
part of the original casting. The lower half of the club on
the same statuette displays a qualitative composition that
compares to the figure, which likewise confirms that it is
original. The shield on The Frick statuette was identified
as a quaternary alloy of 82.30 wt% Cu, 5.90 wt% Zn, 5.46
wt% Pb, and 3.69 wt% Sn, with traces of Sb, As, and Ni;
this alloy differs markedly from that used to cast the figure, establishing that it is a replacement. Qualitative analysis of the upper club identified the alloy as a medium
zinc brass with higher levels of Ni and lower levels of Pb
than the figure, further substantiating that it is a later
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Fig. 4 a Radiograph of the base of The Frick Shield Bearer, showing b
the rivets below the figure’s feet

restoration. Overall, the analytical evidence supports
both the archival records and radiographs, affirming that
The Frick Shield Bearer’s upper club and shield are likely
later replacements.
It was interesting to discover that the base of The Frick
statuette is composed of 99 wt% Cu, with traces of Pb, Sb,
and As, differing significantly from the brass alloy used
to cast both figures; this practice of employing different
alloys for separately produced elements has been noted
in other Renaissance objects [39, 40]. XRF measurements detected the presence of Ag in combination with
Cu in the solder used to join the top plate and the beveled upper ring of the base (Fig. 5), and SEM/EDS analysis of small samples (S6 and S7) confirmed that the solder
is made of a Ag–Cu alloy. The equilibrium microstructures visible in the elemental X-ray maps (Fig. 6) illustrate
a combination of proeutectic Cu and lamellar Cu–Ag
eutectic, compatible with an Ag75–Cu25 alloy [41]. Alloys
with similar compositions, known as “hard solders”,
were reportedly in use in Italy during the 16th century
[42–44]. These differ from Zn- and even brass-containing
hard solders that are more typical after the 18th century
[45]. The identification of Ag–Cu solder, more common
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for early manufacture, supports the conclusion that the
base of The Frick statuette is original and the assumption
that the Liechtenstein statuette may have had a similar
base.
In order to define a possible trend in the artist’s use of
Cu alloys, the elemental compositions of the Shield Bearers were compared with data obtained by pXRF analysis
and previously reported by one of the authors [13] of
eleven casts attributed to Bertoldo. All but one of these
casts included in such previous study are largely accepted
as works by Bertoldo [1, 46], based on stylistic similarities
to the three established casts mentioned earlier. This data
was plotted on a Cu–Sn–Zn ternary diagram (Fig. 7) and
is reproduced here to show the difference between the
alloy of the Shield Bearers and those of the casts thought
to be produced by Bertoldo. The diagram clearly illustrates that the ascribed casts fall into two main alloy categories: in detail, the Shield Bearers were cast in a medium
zinc brass containing approximately 80 wt% Cu and 11
wt% Zn, forming a distinct cluster that differs from the
artist’s nine other statuettes and reliefs, which were cast
in a low tin bronze alloy of approximately 84–92 wt% Cu
and 2–7 wt% Sn.
The Frick and Liechtenstein Shield Bearers’ elemental composition was virtually identical for both casts
(Table 2), supporting the curatorial theory that they were
cast simultaneously as a loosely mirrored pair [14]. Since
the most recent curatorial consensus has confirmed that
these works are by Bertoldo, one possible explanation for
this difference from the artist’s usual casting alloy is that
he may have used a different foundry or purchased ingots
of relatively clean brass to cast the statuettes. Artists have
historically preferred brass over bronze for gilding, since
it more closely resembles the color of gold and disguises
lacunae resulting from flaws in gilding and also later surface wear. Furthermore, since antiquity, sculptors have
been aware of the fact that the best copper alloys for mercury gilding are those in which certain alloying constituents are kept to a minimum, particularly lead [47, 48].
Surface treatments

The gilding on both statuettes is worn and displays remnants of a black coating in protected areas, which may
have been applied overall as part of a later treatment to
masque surface wear or to impart a dark appearance to
the bronze. Despite published studies that focus on surface treatments of 16th- to 18th-century bronzes [21,
27–30], there is limited information and no scholarly
consensus on the original appearance of 15th-century
Florentine bronzes. However, according to available historical treatises from the Renaissance and later Baroque
periods, surfaces could be gilded or made dark by heat

Frick
Frick
Frick
Frick
Frick
Liechtenstein

Body
Average of 5 areas

Rivet
Under proper right foot

Rivet
Under proper left foot

Shield
Gilding-free area on the shield

Base
Average of 3 areas

Figure and shield
Average of 6 areas measured by pXRF

84.86 ± 0.75

99.00 ± 0.62

82.32

86.02

84.80

83.60 ± 0.35

Cu

0.56 ± 0.15

0.03 ± 0.00

3.69

0.55

0.58

0.63 ± 0.04

Sn

11.75 ± 1.44

0.01 ± 0.00

5.90

10.11

11.20

12.40 ± 0.82

Zn

*Ni and Ag were detected in one of the 3 areas analyzed, likely caused by an interference with the silver solder

Collection

Area analyzed

Table 2 Elemental composition of the metal alloys

1.74 ± 1.00

0.13 ± 0.03

5.46

2.10

1.90

2.19 ± 0.39

Pb

0.38 ± 0.08

0.21 ± 0.27

0.71

0.44

0.47

0.43 ± 0.02

Sb

0.29 ± 0.02

0.02*

0.55

0.18

0.20

0.30 ± 0.01

Ni

0.19 ± 0.02

0.07 ± 0.03

0.79

0.20

0.28

0.20 ± 0.02

Fe

0.27 ± 0.05

0.26 ± 0.16

0.43

0.39

0.41

0.33 ± 0.03

As

0.07 ± 0.04

0.25*

0.10

–

0.13

0.08 ± 0.00

Ag
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Fig. 5 XRF spectrum of an area corresponding to the soldering line between the top plate and the beveled edge, showing the presence of Cu and
Ag, in addition to traces of a few other elements

Fig. 6 BSE images of a a portion of sample S6, i.e. a fragment of solder, showing the microstructure constituting the Cu–Ag solder, and b a detail of
the microstructure (red square). c, d X-ray elemental maps illustrating the distribution of Cu and Ag, respectively
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treatment alone or by the application of oil-based resin
varnishes that were subsequently heated [18, 21, 49–51].
These coatings served both an artistic and functional
purpose: to improve the beauty of the artwork, while also
disguising original repairs to casting flaws such as porosity, which were common at this period [52–55]. However,
in the 19th century, there was a preference for bronzes
to look dark, and gilt or resin varnish surfaces were
often covered using black coatings. In the present study,
the gilding and organic coatings on both statuettes were
examined under magnification; subsequently, only the
surface of The Frick Shield Bearer was sampled and analyzed micro-invasively using various techniques.
Gilding
Fig. 7 Cu–Sn–Zn ternary diagram, summarizing the compositional
clustering of the twelve casts attributed to Bertoldo based on XRF
elemental data

Mercury amalgam (or fire) gilding was used on bronze
reliefs and statues in Italy at this period; however, to
the authors’ knowledge, the Shield Bearers may be the
only two 15th-century statuettes that have been analyzed and still appear to retain their original gilding.

Fig. 8 a Overall BSE image of sample S2, i.e. a scraping of the gilding. b BSE image of the gilding (white square). c EDS spectrum of the gilding
(black square)
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Fig. 9 Py-GC/MS chromatogram obtained upon derivatization with
TMAH of sample S1, i.e. a scraping of the black organic coating.
Compounds identified in the chromatogram suggest the presence of
beeswax, an oil or mixture of oils, and a sulfur-containing material

Two microscopic samples of the gilding (Table 1) were
removed from The Frick statuette, one from within the
recessed area of the original panpipes (S2) and another
from the restoration shield (S3). SEM/EDS detected relatively pure gold (Au) and mercury (Hg) in both samples
(Fig. 8), confirming the use of mercury amalgam gilding
for the figure and the shield. However, scientific analysis
was unable to highlight any difference between the composition of the amalgam on the 15th-century figure and
that applied to the later replacement shield.
Organic coating

To understand how the later black coating on The Frick
statuette compares to results from studies of early
organic surface treatments on bronzes, a scraping of the
black restoration coating (S1) was removed from the back
right knee for analysis with Py-GC/MS, Raman, and FTIR
spectroscopies. Raman spectroscopy was performed to
investigate the possible use of any pigments that may be
responsible for the black coloration of the coating. Two
broad Raman bands at about 1375 and 1550 cm−1 were
identified as unambiguous fingerprints of a carbon-based
black. The Py-GC/MS chromatogram obtained upon
TMAH derivatization (Fig. 9) contains the typical marker
compounds for beeswax: significant amounts of palmitic
acid with smaller quantities of stearic acid; hydroxy fatty
acids, including 15- and 14-hydroxy palmitic acids; series
of high molecular weight fatty acids, with tetracosanoic
acid (C24) as the most prominent; series of high molecular weight fatty alcohols, with triacontanol (C30) as the
most prominent; and series of normal saturated alkanes,
with heptacosane (C27) as the most prominent. The
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Fig. 10 FTIR spectrum of sample S1, i.e. a scraping of the black
organic coating. Materials identified include atacamite, oxalates, and
metal carboxylates

presence of beeswax in the restoration coating layers
might be due to later routine maintenance of the surface
by waxing, aiming to provide a barrier coating against
harmful environmental conditions [56], and to improve
the sculpture’s appearance by saturating the surface and
imparting a gloss [57]. Moreover, the detection of glycerol along with a series of fatty acids is indicative of the
presence of an oil, or a mixture of oils, which is consistent with the use of oils as a surface coating from the
Renaissance period onward [21, 58]. Due to the complex
mixture of substances identified in the sample, it was not
possible to provide a detailed characterization of the type
of oil(s) present or to rule out the presence of other animal fats. The results show that despite this being a later
coating, some of its components, such as oils and pigments, have been identified on early bronzes, demonstrating how difficult it can be to distinguish between
original and later surface treatments.
Alteration products

Sulfur-containing compounds were also detected in the
chromatogram of sample S1. These may have resulted
from a variety of factors, including exposure to atmospheric pollutants or cleaning agents. Although sulfurcontaining salts have been used since the late Renaissance
to darken bronzes [59–61], their use on the Shield Bearers
seems unlikely, since the presence of chemically resistant
gilding would have prevented any later chemical patination. FTIR in transmission mode identified atacamite,
oxalates, and metal carboxylates as the main components
of sample S1 (Fig. 10). Atacamite (Cu2(OH)3Cl), characterized by distinctive bands at 3447, 3347, 988, 896, and
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851 cm−1, is a characteristic product whose presence
is often related to a bronze corrosion process [62]. This
compound is frequently detected in corroded bronze
sculptures, sometimes in association with its polymorphs
clinoatacamite or paratacamite, or a combination of
both. The presence of chlorides on The Frick statuette
is most likely the result of modern surface treatments
with chloride-containing products, such as polishing
compounds or pigmented waxes. Oxalates, on the other
hand, with distinctive peaks at 1618 and 1320 cm−1, are
insoluble salts that typically form as a result of biodeterioration of organic materials; on metal artworks, these
are generally found in the organic fraction of the patina
or develop from the application of waxes, such as the
beeswax detected by Py-GC/MS analysis. A broad FTIR
band detected at 1574 cm−1 is indicative of the presence
of a wide range of metal carboxylates, which might originate from the interaction of the oil or mixture of oils contained in the organic coating with metallic ions from the
brass [55]. Although scientific analysis could not determine possible dates for the application of the later coatings, the data collected during the course of this survey
may be helpful in advancing ongoing comparative studies
of early bronze surface treatments.

Conclusions
The attribution of Italian Renaissance bronze statuettes,
whose popularity rose during the 15th century and continued to thrive until the late 17th century, poses several challenges from an art historical point of view,
most notably due to the significant loss of many of these
bronzes and related archival documentation. The technical examination and scientific analysis of bronzes continues to be a useful and valuable approach in possibly
answering materials-related questions, as well as in dating and in the identification of later alterations; however, the amount of data published on 15th-century casts
remains limited.
Bertoldo di Giovanni is one of the earliest Florentine
artists working in this medium, and his relationships
with not only Lorenzo the Magnificent, but many of the
prominent artists at the time, make him a crucial figure
to study for interpreting the casting of small statuettes.
The Frick Collection’s exhibition of Bertoldo’s sculptural
work, held between September 2019 and January 2020,
provided an impetus to carry out a technical investigation
in an attempt to substantiate the current art historical
attributions through examination and scientific analysis.
The Frick Shield Bearer was thus analyzed using a combination of instrumental techniques in order to shed light
on the casting and fabrication methods, metal alloy composition, as well as materials used in the original and later
surface treatment of the bronze. Results obtained from
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this work, in combination with a comparative study of
a second pendant bronze currently in the Liechtenstein
Collection, Vienna, have provided insight into the extent
and history of the repairs made to both statuettes. Analysis of the metal alloy revealed that they were cast using
a virtually identical brass alloy, indicating that they were
likely created at the same time, and dispelling any doubt
that these two statuettes were conceived as a pair.
A combination of radiography, XRF, and SEM/EDS
helped in distinguishing between original areas and
replacement components of The Frick statuette, through
close comparison with the attributes of the Liechtenstein
figure. Of particular relevance is the affirmation that the
base of The Frick Shield Bearer, which is missing from the
Liechtenstein statuette, is original to the composition. It
is currently assumed that the Liechtenstein statuette had
a similar base, which was lost due to damage or intentional alteration. No information is available about the
display of these two Shield Bearers in the 15th century or
how they would have been used in a secular household.
The unusual fabrication of The Frick statuette’s base,
which is composed of 99 wt% Cu and soldered together
with a Cu-Ag alloy, provides a rare example of a type of
base not typically observed on later Italian Renaissance
bronzes, which are generally cast in one piece using a Cu
alloy.
Analysis by means of SEM/EDS, Py-GC/MS, Raman,
and FTIR was also conducted to investigate the materials used in the surface treatments, with a special focus
on the original gilding and organic coatings. Results
have shown that both statuettes are characterized by
a mercury amalgam gilding, while the organic coating
was found to contain mainly beeswax and an oil or mixture of oils, pigmented with a carbon-based black—all
typical components of early Renaissance bronze treatments—but clearly a later treatment in this case. Similarly, while SEM/EDS analysis was key to establish the
exact materials’ composition for the gilding, it did not
provide evidence to help distinguish between early and
later applications. However, the results obtained from
the analysis of the organic coatings on The Frick statuette will assist in the interpretation of similar ongoing
studies of 15th- to 18th-century organic patinas. In
addition, the identification of the corrosion products
that have developed on their surfaces may be helpful
in determining future treatment options. Most importantly, the results of the present study of the Shield
Bearers were placed in context within a larger investigation of the artist’s casts, unambiguously clarifying
that these two statuettes form a unique production in
the body of surviving bronzes by Bertoldo.
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