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Abstract: Raffaello is renowned as one of the Old Renaissance Masters and his paintings and painting
technique are famous for the details and naturality of the characters. Raffaello is famous in particular
for the then-new technique of oil painting, which he mastered and perfected. On the occasion of the
500th anniversary of the death of Raffaello (2020), there was a large exhibition at the Scuderie del
Quirinale in Rome, where many paintings and drawings by the Old Master were on show. One of
these paintings was the portrait of Leo X with two cardinals belonging to the collection of the Uffizi
galleries in Florence. Before going to Rome, the painting underwent conservation treatments at the
Opificio delle Pietre Dure, where a comprehensive diagnostic campaign was carried out with the aim
of understanding the painting materials and technique of the Old Master. In this paper, the results of
macro X-ray fluorescence (MA-XRF) analysis, carried out exploiting the instrument developed by
INFN-CHNet, are shown. Among the results, “bismuth black” and the likely use of glass powders in
lakes are discussed.

Keywords: MA-XRF; heritage science; non-invasive analysis; portable equipment; pigment identifi-
cation; Raffaello; Pope Leo X; bismuth; glass powder; INFN-CHNet

1. Introduction

The analysis of the painting materials employed by an artist to produce a work of art is
considered essential for a deep comprehension of his work, style and technique. Moreover,
knowledge of the materials is crucial for conservation treatments. It is, however, true that
material analysis should not be limited to knowledge of a single painting or artwork but
should be contextualised within the production of the artist and other contemporary mas-
ters. This multidisciplinary approach increases the knowledge of the history of materials
(e.g., trade routes), artists and techniques [1–5], which may also be useful for authentication
and forensic science [6,7].

Analytical methods aiding the purpose of material characterisation are now numerous
and many instruments allow for in situ non-invasive measurements with high perfor-
mances [8–10]. In recent years, X-ray fluorescence (XRF), one of the principal techniques
employed in this field, has been developed from an elemental compositional analysis
giving spectra into a mapping method giving elemental distribution maps and thus images.
This technique is now called macro-XRF (MA-XRF) [11,12] and its contribution to heritage
science is undisputed.

The MA-XRF instrument employed in this work is a MA-XRF scanner developed
by the Cultural Heritage Network of the Italian National Institute of Nuclear Physics
(INFN-CHNet), which works in the development of novel instruments to aid heritage
science [13,14].

The study presented here deals with MA-XRF analysis of the Portrait of Leo X by
Raffaello Sanzio. This painting belongs to the collection of the Uffizi Galleries and has been
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under conservation interventions for a couple of years at the Opificio delle Pietre Dure
in Florence for the occasion of the exhibition at the Scuderie del Quirinale for the 500th
anniversary of the death of the Old Master (2020). The aim of the MA-XRF campaign was
to study in detail the painting palette and technique employed by Raffaello, contextualizing
the results with other works by the artist.

2. Materials and Methods
2.1. The INFN-CHNet MA-XRF Scanner

The INFN-CHNet instrument, thoroughly described in [15], is a light highly trans-
portable device specifically designed for in situ heritage science applications [16]. Briefly,
the measuring head has an X-ray tube (Moxtek, 40 kV maximum voltage, 0.1 mA maxi-
mum anode current), a silicon drift detector (Amptek XR100 SDD, 25 mm2 effective active
surface, 500 µm thickness) and a telemeter (Keyence IA-100) for the continuous control and
adjustment of the sample–instrument distance. All these elements are installed on three
linear motor stages by Physik Instrumente, 200 mm travel range in the x and y directions
for this version, plus a 50 mm stage along the z perpendicular direction. Motor controllers,
signal digitizer (CAEN DT5780) and other auxiliary elements are contained in carbon-fibre
box on which the motors are installed. Instrument control and data analysis are carried
out with in-house developed software. The instrument has been successfully employed in
several heritage science applications over the years [17–19].

The operating conditions of the X-ray tube for all measurements discussed here were
30 kV anode voltage, 90 µA filament current, Mo anode with an 800 µm diameter collimator.
Scanning velocity was 10 mm/s and the equivalent pixel size 1 mm. Several scans were
performed for the almost full mapping of the painting. Due to the dimensions and the
weight of the painting itself—which made its handling laborious—and the encumbrance of
the easel, some areas could not be reached with the MA-XRF scanner.

2.2. The Portrait of Leo X by Raffaello Sanzio

The painting analysed here and shown in Figure 1 depicts Pope Leo X (1475–1521),
born Giovanni di Lorenzo de’ Medici and son of Lorenzo il Magnifico, portrayed in a
three-quarter pose with two cardinals, Luigi de’ Rossi and Giulio de’ Medici, both mem-
bers of the Medici family and cousins of the pope. The three are represented in a grey
architectural background.

The painting was executed in Rome and most likely commissioned by the Medicis
on THE occasion of the wedding of Leo X’s nephew Lorenzo de’ Medici, Duke of Urbino,
with Madeleine de la Tour d’Auvergne, a ceremony that was held in Florence in September
1518. According to a report at the time, the portrait was placed on the middle of the bridal
banquet table to allow the papal and cardinal relatives to be symbolically present at the
festivities [20].
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Figure 1. Portrait of Leo X with two cardinals by Raffaello Sanzio (oil on panel, 155 cm × 119 cm). 
(Courtesy of the Uffizi Galleries). 
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Madeleine de la Tour d’Auvergne, a ceremony that was held in Florence in September 
1518. According to a report at the time, the portrait was placed on the middle of the bridal 
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festivities [20]. 

Red fabrics are dominant and masterfully painted by the artist; these are the dark red 
velvet of the mozzetta (the elbow-length cape with hood of the pope) and of the camauro 
(his felt cap), edged with ermine, the similar fabric of the chair and armrest, the heavy 
tablecloth, the gros de tours silk cardinal cassocks. 

The pope is vested with a light grey, fur-inner-lined brocade cassock decorated with 
a pomegranate and ivy shoots motif. He is holding a magnifying glass with his left hand 
and turning the page of precious illuminated Bible, identified by scholars as the Hamilton 
Bible, with his right [21]. In foreground there is a finely carved silver handbell decorated 
with a sheaf of red and gold thread, which was mentioned by Vasari as “a little bell of 
wrought silver, which is more beautiful than words can tell” [22]. 

An interesting detail is that at the top of the back post of the chair, where on the 
golden ball there is the reflection of the room, there are included the shoulder of the pope 
and a window, which is the source of light in the painting, although not visible. 

Figure 1. Portrait of Leo X with two cardinals by Raffaello Sanzio (oil on panel, 155 cm × 119 cm).
(Courtesy of the Uffizi Galleries).
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Red fabrics are dominant and masterfully painted by the artist; these are the dark red
velvet of the mozzetta (the elbow-length cape with hood of the pope) and of the camauro
(his felt cap), edged with ermine, the similar fabric of the chair and armrest, the heavy
tablecloth, the gros de tours silk cardinal cassocks.

The pope is vested with a light grey, fur-inner-lined brocade cassock decorated with a
pomegranate and ivy shoots motif. He is holding a magnifying glass with his left hand and
turning the page of precious illuminated Bible, identified by scholars as the Hamilton Bible,
with his right [21]. In foreground there is a finely carved silver handbell decorated with a
sheaf of red and gold thread, which was mentioned by Vasari as “a little bell of wrought
silver, which is more beautiful than words can tell” [22].

An interesting detail is that at the top of the back post of the chair, where on the golden
ball there is the reflection of the room, there are included the shoulder of the pope and a
window, which is the source of light in the painting, although not visible.

3. Results and Discussion

The painting palette hypothesised by MA-XRF analysis is broadly consistent with
other paintings by Raffaello Sanzio and with the materials available to artists during the
Renaissance period. Here, the hypothesis of pigments and materials employed based on
the detected elements is discussed.

Pb is ubiquitously present in the painting (Figure 2a), a fact that suggests the use of
a traditional lead-white-based imprimitura layer. The heterogeneous distribution of this
element is most probably due to its additional use as lead white as a proper pigment in the
painting layer, both in white areas and/or in mixture with other pigments/materials such
as in cassocks, furs and flesh tones.
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Figure 2. Elemental distribution of (a) Pb (Lα line), (b) Hg (Lα line), (c) Cu (Kα line) and (d) Fe (Kα 
line). White is associated with maximum counts and black with minimum. 
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length mantles), the tablecloth and the trimmings of the chair. These are all characterised 
by the presence of Hg (Figure 2b), indicating the use of vermilion/cinnabar. The modelling 
of red garments was achieved with Cu-based pigments (Figure 2c). Giulio de’ Medici’s 
(the cardinal at the pope’s proper right) mozzetta contains a smaller amount of copper but 
more lead than the other two and is indeed lighter in tone. The velvet appearance of the 
pope’s mozzetta and camauro was then obtained with the addition of small quantities of 
Fe-based pigments (Figure 2d), such as iron oxides/hydroxides contained in earth and 
ochres. 

In addition, Mn traces were detected in most of the red areas (Figure 3a). This element 
is a typical trace of pigments such as earth and ochres, particularly of umber [23], but is 
also considered a marker of the use of glass powders employed as a siccative of the oil 
medium [24]. Mn is thought to be present in glass, particularly in that of Italian produc-
tion, acting as a decolouriser of the light green tone given by the presence of iron traces, 
usually present in the production materials of glass [25]. Interestingly, glass powders were 
detected in red lakes in other paintings by Raffaello [26–28] and other artists [29–31]. In-
deed, in correspondence of the Mn-rich areas, K and Ca were also detected, elements 
which have been found in glass powders in paintings by Raffaello [25]. The presence of K 
may also attest the use of alum as is typical of the lakes [32]. The use of glass powder in 
this painting was indeed confirmed by cross sections in red areas [33]. Mn and K were 
also detected in shadows on red fabrics as seen on the reading desk, the handbell and the 
hand of the pope. It is realistic to hypothesise the use of umber (a type of Mn-rich earth 
[34]) in these areas, but the use (also) of red lakes cannot be excluded. The red velvet of 
the chair was instead most likely painted with red lakes only (with the addition of glass 
powder) and not with vermilion. K traces were also found in other areas of the painting 
not matching the distribution of Mn; in these cases, their presence was not fully 

Figure 2. Elemental distribution of (a) Pb (Lα line), (b) Hg (Lα line), (c) Cu (Kα line) and (d) Fe (Kα

line). White is associated with maximum counts and black with minimum.

The painting’s main colour is red, which is found in several different red fabrics, such
as the velvet camauro (hat) of the pope and velvet or silk mozzettas (the short elbow-length
mantles), the tablecloth and the trimmings of the chair. These are all characterised by the
presence of Hg (Figure 2b), indicating the use of vermilion/cinnabar. The modelling of
red garments was achieved with Cu-based pigments (Figure 2c). Giulio de’ Medici’s (the
cardinal at the pope’s proper right) mozzetta contains a smaller amount of copper but more
lead than the other two and is indeed lighter in tone. The velvet appearance of the pope’s
mozzetta and camauro was then obtained with the addition of small quantities of Fe-based
pigments (Figure 2d), such as iron oxides/hydroxides contained in earth and ochres.

In addition, Mn traces were detected in most of the red areas (Figure 3a). This element
is a typical trace of pigments such as earth and ochres, particularly of umber [23], but is
also considered a marker of the use of glass powders employed as a siccative of the oil
medium [24]. Mn is thought to be present in glass, particularly in that of Italian production,
acting as a decolouriser of the light green tone given by the presence of iron traces, usually
present in the production materials of glass [25]. Interestingly, glass powders were detected
in red lakes in other paintings by Raffaello [26–28] and other artists [29–31]. Indeed, in
correspondence of the Mn-rich areas, K and Ca were also detected, elements which have
been found in glass powders in paintings by Raffaello [25]. The presence of K may also
attest the use of alum as is typical of the lakes [32]. The use of glass powder in this painting
was indeed confirmed by cross sections in red areas [33]. Mn and K were also detected
in shadows on red fabrics as seen on the reading desk, the handbell and the hand of the
pope. It is realistic to hypothesise the use of umber (a type of Mn-rich earth [34]) in these
areas, but the use (also) of red lakes cannot be excluded. The red velvet of the chair was
instead most likely painted with red lakes only (with the addition of glass powder) and not
with vermilion. K traces were also found in other areas of the painting not matching the
distribution of Mn; in these cases, their presence was not fully understood, but it has to be
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taken into account that K is present in several artistic compounds (e.g., green earth, lakes
and varnish).
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Figure 3. Elemental distribution of (a) Mn (Kα line) and (b) K (K lines). White is associated with
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The pope’s white damask cassock is mainly characterised by the presence of lead
(Figure 2a), indicating, as previously discussed, the use of lead white. As similarly happens
in red garments, modelling, shading and also the inner fur of this robe are painted with
Cu- and Fe-based compounds (Figure 2c,d). In addition, the distribution of Ca likely also
matches with the pomegranate and ivy shoots motif (Figure 4a). Ca may be due to the
gypsum-based preparation layer, but its elemental distribution may suggest its use in the
pictorial layer to execute shadows and darker areas. The use of bone black (identified in
some cases in this painting [35] and also in other paintings by Raffaello [36]) cannot be
excluded, although XRF may not discriminate between other Ca-containing compounds
and organic materials [37].
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The cold-grey tone of the cassock was then obtained with a rare Bi-based pigment
(Figure 4b). Known as “bismuth black”, it exists in the metallic and in the trisulphide
(bismuthinite mineral) forms, It is not properly a black but rather a grey pigment, and it
is documented in paintings in a rather short timeframe from the end of the 15th century,
almost during the discovery of the mines in Germany (around 1460), to the first decades of
the 16th century [38]. The use of this pigment is reported in other works by Raffaello, such
as the Madonna dell’Impannata (1511–1515) of the Palatine Gallery in Florence [39], the
Ansidei Madonna (1505), likely the Procession to Calvary (1504–1505) and the Madonna
of the Pinks (1506–1507) of the National Gallery in London [25]. This pigment was first
documented in Fra Bartolomeo’s works (Pitti Panel, 1512) [40–42]. Its use is not limited
to paintings but is also seen in illuminated manuscripts, such as those by Jean Bourdi-
chon [43,44], as well as in inks to give a silvery appearance [45] and as metal foil to imitate
silver [46].

The yellow areas, such as the magnifying glass, the reading desk and the handbell,
were painted with complex mixtures to imitate the metallic appearance of these objects.
Yellow, brown, blue/green and red pigments (Cu- and Fe-based compounds, lead–tin
yellow and vermilion traces) were skilfully employed, differentiating lights and shadows
in order to realistically render the tridimensionality of the objects (Figure 5). “Bismuth
black” was employed to give them their metallic appearance.

Details of the miniatures in the book were realized with vermilion, a Cu-based material
and lead–tin yellow. The glass of the magnifying glass was painted with a Cu-based
pigment and “bismuth black” traces (possibly coming from the cassock behind). On the
golden ball at the top of the papal throne, the reflection of the pope’s mozzetta was painted
with vermilion.
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visible light, (b) Cu (Kα line), (c) Hg (Lα line), (d) Fe (Kα line), (e) Sn (Lα line), (f) Bi (Lα line). White
is associated with maximum counts and black with minimum.

Flesh tones were painted with lead white, vermilion and Fe- and Cu-based compounds
(the last also employed in the shaved beards and tonsures). The irises of the eyes were
painted with a Cu-based pigment, possibly employed as a drier of the black pigment [47].
Hair was painted with Fe-based compounds with a non-negligible amount of Ca, which is
found in most of the shadows. The hair of Luigi de’ Rossi (the cardinal at the pope’s proper
left) is slightly darker compared to the others due to the use of Cu-based compounds.

The architectural background is characterised by a rather uniform distribution of
Cu (Figure 2c)—most likely indicating its use as a greenish preparation layer. The Cu-
containing material in this case was identified as copper resinate with cross sections [33], a
pigment which has been found in a number of paintings from this time [47,48]. Prospective
lines visible in the Cu map are present as engravings. It is worth noting that the homo-
geneity of the Cu map likely undermines the hypothesis that Raffaello initially painted
a green curtain instead of the architectural background, as is present in the portrait of
Julius II [49]. Similarly, there is no evidence that the painting was initially meant to be a
solitary portrait of the pope, as hypothesised by other scholars [50]: in that case, in place of
the cardinals, Raffaello would have painted the architectural background with a copper
resinate base layer which is instead not detected. It cannot be ruled out, however, that
an eventual change of mind happened during the drawing phase of the portrait. Ca-, Fe-
and Bi-based materials are also detected in lower quantities than Cu, most likely painted
over the green copper resinate background [33] as a way to reach the appearance of the
pietra serena. These elements are present in the background and are shaded following the
volumes, rendering the tridimensionality of the architecture with a light coming from the
left side of the painting (i.e., from the window visible only in the reflection of the ball on
the chair). This possibly suggests the use of these materials in more superficial layers of the
painting, as determined by cross sections [33].

Zn traces are typical in a number of artistic materials, such as vermilion and malachite,
and also in iron-gall inks where they are present in white vitriol (ZnSO4) [51]. Although in
this painting Zn (Figure 6) is detected in association with Hg- and some Cu-based areas
(such as blue/green details of the miniatures of the Bible), the Zn map draws attention to
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the eyes of the three characters. Indeed, all three pairs of eyes are painted with Cu-based
materials, but it is interesting to note that only the eyes of the two cardinals evidently
contain Zn. IR reflectography actually highlighted two different techniques of underdraw-
ings: a pouncing technique was likely used for the cardinals (although hardly visible) and
freehand drawing with black chalk for the pope [52]. Recently, works exploiting MA-XRF
on paintings have, interestingly, found that the distribution of Zn detected in paintings is
most likely related to iron-gall-ink underdrawings [53,54]. Unfortunately, the dwell time
of the measurements carried out here does not give a sufficient resolution for a proper
identification based on the visualization of characteristic features of underdrawings such
as hatching, but the use—not yet documented in Raffaello’s painting—of iron-gall ink as
underdrawing remains an intriguing possibility.
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ing MA-XRF on paintings have, interestingly, found that the distribution of Zn detected 
in paintings is most likely related to iron-gall-ink underdrawings [53,54]. Unfortunately, 
the dwell time of the measurements carried out here does not give a sufficient resolution 
for a proper identification based on the visualization of characteristic features of under-
drawings such as hatching, but the use—not yet documented in Raffaello’s painting—of 
iron-gall ink as underdrawing remains an intriguing possibility. 
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A summary of the results is presented in Table 1.

Table 1. Summary of the results. Elements reported in brackets are intended in traces. Pb was
detected in all areas and is not commented on.

Colour Elements Detected Hypothesised
Pigments/Colourants

white Pb Lead white

red Hg
Cu, (Fe), (Mn), K

Vermilion/Cinnabar
Copper-based compound and

Fe oxides/hydroxides (for modelling); also umber?
Mn traces possibly indicating glass powder in red lakes

K likely from red lakes
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Table 1. Cont.

Colour Elements Detected Hypothesised
Pigments/Colourants

grey
(garments)

Cu, Bi
(Fe)
Ca

Copper-based compound
“Bismuth black”

Fe oxides/hydroxides (for shading)
Bone black (or other Ca-based material)

yellow Fe, Sn
Bi

Fe oxides/hydroxides
Lead–tin yellow

“Bismuth black” (in case of metallic objects)

flesh tone Hg, Fe, Cu
(Ca)

Vermilion/Cinnabar
Fe oxides/hydroxides (likely with Ca traces)

Copper-based compound

background Cu, Ca, Fe, Bi

Copper resinate [46]
Bone black (or other Ca-based material)

Fe oxides/hydroxides
“Bismuth black”

4. Conclusions

The MA-XRF analysis carried out on the Portrait of Leo X by Raffaello gave infor-
mation on the materials employed. Traditional materials, such as lead white, vermilion,
earth/ochres, Cu-based compounds (copper resinate at least in the background) and lead–
tin yellow were masterfully used by the artist to paint different fabrics and flesh tones.
Glass powder was most probably employed in red lakes, as documented in the Mn map.
The metallic appearance of objects such as the silver handbell, but also the grey tone of
the cassocks, was painted using a rare “bismuth black”, also attested in other paintings
by Raffaello.

The architectural background was painted with a copper resinate base layer with vol-
ume and tridimensionality achieved using “bismuth black”, a Ca-based pigment (possibly
bone black) and earths/ochres. Interestingly, the distribution of the Cu map attests that the
painting was meant from the beginning as a triple portrait and not with the pope repre-
sented individually as hypothesised by scholars (in that case, a homogeneous distribution
of Cu would have also been detected below the cardinals). In addition, the homogeneity
of the Cu map undermines the hypothesis of a green curtain painted in the first phase of
painting similar to the one in the portrait of Julius II. Another interesting hypothesis is
the possible use of iron-gall ink in the underdrawing—especially in the eyes of the two
cardinals—as hypothesised by the Zn map.

As is also demonstrated in this study, MA-XRF allows the non-invasive mapping of
the elemental distribution of the materials, making the technique a powerful tool for a
preliminary non-invasive and non-destructive analytical method. It can also be considered
a good guide for a subsequent, more accurate scientific analysis.
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