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Abstract—Bronze statues “John the Baptist” and “Dancing Cupid” from the collections of the Pushkin State
Museum of Fine Arts have been investigated at the National Research Centre “Kurchatov Institute.” These
statues were previously damaged in fire. Before carrying out restoration, it was necessary to perform their
complex study, including identification of statue materials; elemental and phase analysis of contaminations;
estimation of the state of surfaces and internal parts; and detection of technological elements, as well as hid-
den defects, corroded parts, and cracks. To this end, scanning electron microscopy with X-ray microanalysis,
synchrotron radiation diffraction, and neutron radiography and tomography have been used.

DOI: 10.1134/S1063774518040077

INTRODUCTION
In this paper, we report the first results of the study

of sculptures stored in the funds of the Pushkin State
Museum of Fine Arts (GMII), which was performed
at the National Research Centre “Kurchatov Insti-
tute” (NRC KI). The statues under study, delivered to
the museum in 1946 among the so-called “trophy
art”, originate from the collection of the former Kaiser
Friedrich Museum (Berlin). These objects, stored
along with many other Berlin museum collections in a
protected shelter in Berlin (Friedrichshain bunker),
were damaged by fire in May, 1945 [1, 2]. Being trans-
ferred to the Soviet Union in damaged and fragmented
state, these statues have been stored for a long time in
the Pushkin museum storage. The state of these
objects made very difficult their restoration and expo-
sure. This circumstance also impeded their return to
the German Democratic Republic in 1958 within the
large-scale art restitution program [3, 4]].

In 2015, GMII started a joint project with the Bode
Museum, the assignee of the Kaiser Friedrich
Museum, which was aimed at restoring the aforemen-
tioned objects of art and bringing them back into sci-
entific discourse. A necessary condition for the funda-
mental restoration of sculptures is their preliminary
complex study, including the elemental and phase
analysis of contaminations, examination of the condi-
tion of surfaces, and exact identification of materials.
One also needs information about the condition of

metal, including the presence of hidden defects, cor-
roded parts, cracks, technological components of
casting forms, etc.

The bronze statue “John the Baptist” and the stat-
uette “Dancing Cupid” (Fig. 1) were investigated at
the NRC KI. They are considered to be masterpieces
of the museum collection, because researchers associ-
ate them with the famous Italian sculptor Donatello
(Donato di Niccolò di Betto Bardi, about 1386–1466).

The statue “John the Baptist” was brought into sci-
entific discourse as Donatello’s work by Wilhelm von
Bode based on the stylistic similarity to Donatello’s
known works. It was among some prominent objects
of art acquired by the Berlin museums from the collec-
tion of noble Florentine family Strozzi in 1878. This
statue was repeatedly published; it became well-
known after the exhibition held in Florence in 1887 on
the occasion of the 500th anniversary of the sculptor.
The attribution of this statue to Donatello had
remained generally accepted until 1957, when an
influential English historian of art H.W. Janson, who
published a monograph about Donatello, excluded
“John the Baptist” from the list of his works. This
opinion was shared by another prominent English his-
torian of Italian Renaissance sculpture, D.W. Pope-
Hennessy, who suggested a later dating (1470) and
attributed this statue to Antonio del Pollaiuolo. How-
ever, in 1985, a record of Donatello’s statue of Saint
John was found in the inventories of the Martelli fam-
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Fig. 1. Statues “John the Baptist” (on the left) and “Danc-
ing Cupid” (on the right). 

10 cm
5 cm
ily property, dated to the end of the XV century; this
discovery put again the question about the statue’s
authorship. The property of Martelli, who was closely
related to Donatello for a long time, passed to the
Strozzi family in the beginning of the XVIII century;
therefore, it is highly likely that the “John the Baptist”
under study is specifically Donatello’s work men-
tioned in the inventories. An analysis of the metal
composition may clarify the dating, which is of key
importance for a more reliable attribution of this work
of art [5–14].

The statue “John the Baptist” has a height of 84 cm.
Its color is basically brown green. The left arm, most of
the right arm, and lower parts of legs are absent. The
surface is covered by spots, whose color differs from
the main color of the statue. One can clearly see statue
design elements, such as gaps between individual parts
and details connecting separate casts.

The statuette “Dancing Cupid” has a long history.
In the XVII century it belonged to Giovanni Pietro
Bellori and was considered to be an antique work of
art; with that attribution, it entered the collection of
prince-electors of Brandenburg in Berlin in 1698. At
the very beginning of the XIX century, this statuette,
along with some other treasures of art, was confiscated
by the French army and sent to Paris, where it entered
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the collection of the Napoleon Museum in the Lou-
vre; later on, it was returned to Berlin. Only in 1892,
Wilhelm von Bode recognized an Italian Renaissance
sculpture in this work and attributed this statuette to
Donatello; however, there were few researchers who
supported this attribution. In the post-war time, this
statuette was barely mentioned in the scientific litera-
ture. Some modern researchers believe that it was
made by a Roman sculptor of the first quarter of the
XVI century [15–20].

The statuette “Dancing Cupid” has a height of
26.5 cm. The left arm and wing are almost completely
lost, and the right arm and wing are damaged. The
color is mainly black, and no patina traces are
observed. The surface is covered by spots of different
colors and blistered in some places. Visual inspection
of the statuette raised fears that a significant part of the
statuette material was damaged.

EXPERIMENTAL

The statues were studied using a complex of meth-
ods which enable to determine the elemental and
phase composition of material and investigate the
internal structure of objects using radiations of differ-
ent types.

To study the composition of casting alloys, two
metal tests (samples 1 and 2) were taken from different
areas of the inner surface of the statue “John the Bap-
tist.” Concerning the statuette “Dancing Cupid,” a
metal test was taken from the cavity near the fastening
pin in the foot in order to reduce possible damage to
minimum. Smears and scale f lakes were taken from
the surface of both statues to analyze their contamina-
tions. Metal samples were inserted in epoxy resin and
ground. The quantitative content and distribution of
chemical elements in material were analyzed by scan-
ning electron microscopy with energy-dispersive
X-ray microanalysis. A combination of these methods
allows one to investigate surface morphology and
measure distribution of chemical elements over area of
grains and phase inclusions, obtaining images in a
wide range of magnifications. A Versa 3D scanning
electron-ion microscope at a maximum accelerating
voltage of 30 kV was used. The phase composition was
determined by X-ray diffraction analysis on the
“Belok” station [21] at the Kurchatov synchrotron
radiation source.

The internal structure of the statues was studied by
neutron radiography and tomography. The penetrat-
ing ability of neutrons greatly exceeds that of X rays,
and they do not exhibit a regular dependence of the
total interaction cross section on the number of ele-
ment (which is characteristic of X rays) [22]. There-
fore, neutron methods make it possible to detect
materials containing light elements (e.g., hydrogen)
against the background of heavy ones, which cannot
be done using X rays. Due to this, neutron radiography
8
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Table 1. Elemental composition of metal sculptures

Content of element (wt %)

Cu Pb Sn Zn

“John the Baptist,” sample 1 95.71 1.79 1.27 1.23
“John the Baptist,” sample 2 92.79 3.33 2.88 1.00
“Dancing Cupid” 85.01 2.27 12.72 —
and tomography are applied to detect corrosion traces
[23, 24]. An important circumstance is that in the case
of copper (as well as for most of other elements) the
fraction of coherent scattering in the neutron total
cross section is almost an order of magnitude larger
than that for X-rays, as a result of which scattering
effects are more pronounced in neutron images. Cur-
rently, the range of application of neutron radiography
and tomography in the study of bronze objects of cul-
tural heritage constantly increases [25, 26].

Neutron radiography and tomography were per-
formed on a dedicated DRAKON instrument at the
IR-8 reactor. A neutron beam was formed by a double
monochromator with pyrolytic graphite crystals in the
reflection (002); the neutron wavelength was λ = 1.75 Å.
The field of view was 7 × 7 cm2 in size. The mosaicity
of crystals was about 1°; it was the main factor limiting
the spatial resolution (about 230 μm). Neutron pro-
jections were recorded by a 2D detector, consisting of
a 200-μm-thick scintillation screen based on a
ZnS(Ag) + 6LiF mixture; a mirror; an objective; and a
charge-coupled device (CCD) array (cooled by a Pel-
tier element) with a size of 2048 × 2048 and a pixel size
of 65 μm. The exposure time was varied from 90 to
110 s. The sample unit allowed for vertical rotation by
360°, lateral displacement by 900 mm, and vertical
displacement by 160 mm.

Because of the limited vertical displacement, a
complete tomographic scanning of the statue “John
the Baptist” could not be carried out; thus, its projec-
tion images (radiographs) were obtained in two pro-
jections. Each consisted of 80 frames, recorded with
object displacement by 4 cm in both directions.

The sizes of the statuette “Dancing Cupid”
exceeded both the horizontal beam size and the value
of maximum vertical displacement by a factor of less
than 2, due to which a tomographic scanning could be
performed. The rotation axis was shifted to the edge of
the field of view, and each projection was obtained by
matching two images, recorded via rotation by 180°.
After rotating the object by 360°, it was displaced along
the vertical axis by 5 cm. The scanning was performed
in two settings: one for the cupid head and torso and
the other for the legs. The summary tomography
image was obtained by matching these two images.

After the neutron analysis, both statues were kept
in a radiation shielding for two weeks in order to
reduce the induced activity below the background
level.

RESULTS
A quantitative estimation of the content of ele-

ments in the samples of statue metal showed that
“John the Baptist” consists of copper doped with lead,
tin, and zinc, whereas “Dancing Cupid” is made of
copper doped with tin and lead (Table 1). The statue
alloys are not single-phase, because lead is practically
CR
insoluble in copper [27]. This can be seen well when
analyzing statue metal laps in backscattered electrons
and mapping elemental distribution.

Figure 2 shows the results obtained for one of the
samples from the statue “John the Baptist”: an optical
photograph of the region under study and images
obtained by recording the f luorescence yield of the
elements entering the bronze composition. The cop-
per and tin distribution maps demonstrate uniform
distribution of elements far from the surface contami-
nation regions. The maps demonstrate the presence of
lead grains about 10–50 μm in size; the regions char-
acterized by high lead f luorescence yield exhibit the
absence of f luorescence from other elements, which is
screened by heavier lead.

The lattice period of the main copper-based solid
solution with the sp. gr. Fm m was measured using
synchrotron radiation diffraction. The results were as
follows: a = 0.3633 nm for sample 2 of the statue
“John the Baptist” and a = 0.3657 nm for the statuette
“Dancing Cupid”. An estimation of the lattice period
of the copper–tin–zinc phase, performed based on
the measured elemental composition of the statue
“John the Baptist” in correspondence with [28], gave
a' = 0.3627 nm, which is in good agreement with the
measured value. An estimation of the lattice period of
the copper–tin phase, performed based on the mea-
sured elemental composition of the statuette “Danc-
ing Cupid” in correspondence with [28, 29], gave a' =
0.368 nm. The deviation from the measurement result
may be related to the nonequilibrium state of the alloy,
its texture, and the presence of impurities. In addition,
it should be noted that the material of the “John the
Baptist” contains an additional intermetallic δ phase
with a nominal composition Cu41Sn11 [30].

The surface of the statue “John the Baptist” is
barely damaged. At the same time, it contains con-
taminations formed as a result of metal oxidation and
destruction of patina; external contaminations are also
present. An analysis of the samples from surface
regions showed the presence of many elements. This is
obviously related to surface contaminations, because
these elements do not enter the main phase composi-
tion of the samples. Fragments of compact contami-
nations on the surface of the statuette “Dancing
Cupid” contain many different elements with a large
spread of percentage. The main phases of surface con-

3
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Fig. 2. Distribution maps of chemical elements in a metal sample from the statue “John the Baptist.” (a) Optical photograph of
the area where the elemental distribution was analyzed. (b‒d) Fluorescence yield distributions for the main elements entering the
bronze composition: (b) copper (CuK), (c) tin (SnL), and (d) lead (PbL). 

200 µm

200 µm 200 µm
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(c) (d)
tamination samples were found to be copper and tin
oxides (Table 2).

Neutron radiography (Fig. 3) showed, on the
whole, a satisfactory state of the metal of the statue
“John the Baptist”: thickness of metal in different
parts of the statue, its fragments, their junctions, gaps
between them, and connecting details. Generally, all
CRYSTALLOGRAPHY REPORTS  Vol. 63  No. 4  201

Table 2. Contents of elements and compounds in surface
contaminations

“Dancing Cupid” “John the Baptist”

content, 
at % phases content, 

at % phases

Cu 5–63 CuO 48–93 Cu2O
O 15–55 SnO2 9–53 CuO
Sn 2–36 Cu2O 0.5–4.3
C 7–48 4.5–5 Traces
Pb 0.5–1 Traces 4–7
Al 0.7–3 2.5 SiO2

Ca 0.5–12 CuCO3 0–0.8 CaSO4

S 0.28 3–5.8 Cu
Si 0.1 —
Fe 0.09 0.4–0.9
Cl 0.07 —
Zn 0–1.5 2.5–23
Na – 0–2.3
Mg – 4–7
features of the statue design that were revealed in
radiographs, can easily be seen visually. Holes are
observed in some places on the casting inner surface;
however, they apparently do not threaten the statue
integrity. The experience in detection of corrosion (in
particular, in bronze) shows that corroded regions,
containing a large amount of hydrogen, can easily be
seen in neutron images in the form of dark spots. No
such regions were found for this statue.

Neutron projections of the statuette “Dancing
Cupid” demonstrated a granular metal structure
throughout its entire volume. This structure mani-
fested itself in strong attenuation of the neutron beam
passing through small units of material volume in a
narrow range of rotation angles. The cause of this
attenuation is as follows: at a certain angular position,
a single-crystal grain of metal takes a reflecting posi-
tion, and a large part of beam intensity does not con-
tribute to image formation (Fig. 4). This effect sug-
gests that the statuette material is practically entirely
metal, and the concern about oxidation of its signifi-
cant part has no grounds. The grain size is on average
about 500 μm, while separate grains are more than
1 mm in size. At the same time, this circumstance
leads to certain difficulties in reconstructing a three-
dimensional image from projections, because recon-
struction algorithms [31] do not take into account the
angle-dependent diffraction effects and make it possi-
ble to determine only the local attenuation coefficient.
Therefore, reconstructed cross sections exhibit a rip-
ple, which generally is not a hindrance in interpreting
images.
8
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Fig. 3. (a, b) Neutron radiographs of the statue “John the
Baptist” in (a) front and (b) side projections. (c, d) Photo-
graphs of parts of the statue exhibiting junction of details.

(а) (b)

(c)
(c)

(d)

(d)

Fig. 4. Two neutron projections of the wing of the statuette
“Dancing Cupid,” obtained with an angular interval of 2°.
The arrow indicates a grain.

(b)

(а)

Fig. 5. (a–c) Orthogonal cross sections and (d) surface
model of the statuette “Dancing Cupid,” according to the
neutron tomography data. The position of secant planes is
indicated by letters in panel b. 

(a) (b)

A–A A

A

B B

B–B

(c) (d)
Three orthogonal cross sections of the statuette
“Dancing Cupid” and a three-dimensional model of
its surface are presented in Fig. 5. Characteristic
tomographic cross sections are shown in Figs. 6a–6e.
Based on the tomography results, we can conclude the
following. The statuette is an integer cast product. To
reduce the amount of metal and, correspondingly, the
risk of defect formation (because of the metal shrink-
age during cast crystallization), some part of metal in
the statuette volume was replaced with the mold cores.
It is rather difficult to identify the core material;
apparently, it is thoroughly dried clay. Cores were
inserted in the mould with the aid of a metal frame-
work, whose details can be seen well in the sites of their
protrusion from the cast metal (Figs. 6a–6c). An
interesting feature is the traces of metal leakage in the
mould interior (specifically, at the junctions of the
head and legs with the torso), which are detected in
tomographic cross sections (Fig. 6d). This fact sug-
gests that wax models of legs and head were prepared
separately; then their internal cavities were filled with
a molding mixture; framework details were inserted
into them; and, finally, they were attached to the wax
model of the torso. This sequence is typical of serial
cast products [32]. We also found defects of metal in
the form of internal voids and cracks (Figs. 6b, 6e). A
CR
large part of the statuette surface is covered by oxide
flakes. Neutron tomography of the statuette “Dancing
Cupid” showed that it was badly damaged by fire. The
YSTALLOGRAPHY REPORTS  Vol. 63  No. 4  2018
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Fig. 6. Specific features of the internal structure of the stat-
uette “Dancing Cupid” (indicated by arrows): (a) element
of framework, (b) element of framework and void, (c) ele-
ment of framework and peeling of material, (d) trace of
metal leakage, (e) crack, and (f) longitudinal cross section
of damaged right crus.

(а) (b) (c)

(d) (e) (f)
damage mainly manifests itself in partial peeling of
material (Fig. 6c); the degree of damage increases
when passing from the head to the legs. The crus of the
right leg of the statuette was most heavily damaged:
cracking occurred here not only near the surface but
also in the bulk (Fig. 6f).

CONCLUSIONS
A study of the statue “John the Baptist” revealed

that the composition of the metal and some variations
in the composition of different parts of this statue are
generally consistent with other investigated Donatello’s
works, for example the statue “Saint Louis of Tou-
louse,” executed around 1423-25. Italian scientists
S. Siano and J. Agresti, who carried out these investi-
gations, believe this alloy with a low content of tin,
zinc, and lead to be on the whole typical for the bronze
sculpture dating between 1400 and 1430 [33]. Specifi-
cally this composition of metal, different from the
alloys of later period (which are characterized by a
somewhat higher dopant percentage), can be consid-
ered as one of decisive arguments in favor of the attri-
bution of the statue “John the Baptist” to Donatello, a
famous sculptor of Italian Renaissance. Concerning
the alloy of the statuette “Dancing Cupid,” it has a
widespread composition, which does not make it pos-
sible to clarify the history of this statuette.

The condition of the statue “John the Baptist” is on
the whole satisfactory, it is not in danger of further
destruction and loss of any parts.

The situation with the statuette “Dancing Cupid”
is more difficult. Cleaning of the surface may lead to
loss of small blistering fragments. Hence, the surface
must be reinforced when preparing it to exposure; of
CRYSTALLOGRAPHY REPORTS  Vol. 63  No. 4  201
special concern is the restoration of the right crus,
which is highly likely to be destroyed during resto-
ration.
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