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Revealing the sfumato Technique of Leonardo da Vinci by X-Ray

Fluorescence Spectroscopy™**
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The perfection of Leonardo da Vinci’s painting technique has
always been fascinating. The gradation of tones or colors from
light to dark is barely perceptible. Neither brushstroke nor
contour is visible: lights and shades are blended in the manner
of smoke. Understanding this technique, usually called
sfumato, remains one of the challenges still unaddressed in
art history. Herein we show that quantitative X-ray fluores-
cence spectroscopy performed directly on the works of art
makes it possible to access the description of the paint layers
used in the flesh tones. We determined the composition and
the thickness of the paint layers of nine faces, painted by
Leonardo (or attributed to him) over 40 years of his activity.
The results shed new light on his constant research to improve
the visual aspects of his works of art. In his later paintings, he
was able to apply translucent layers (glazes), which were
mainly composed of an organic medium in very thin films,
down to a micrometer scale.

How did Leonardo da Vinci obtain such impressive
naturalistic effects in his paintings? The description of the
master’s sfumato technique is the subject of active discussion
in art history."?! Above all, the way the flesh is rendered gives
rise to many comments because of its crucial role in the
fascination exerted by Leonardo’s portraits.”! Such subtly
softened transitions were pioneering work in Italy at the end
of the 15th century and have to be linked to the master’s
creativity and his research to obtain new paint formulations
and artistic effects. To date, it had not been possible to carry
out a technical study on the faces because of the preciousness
of these works of arts. Information was obtained on such
points as the preliminary drawing and the list of pigments,**!
but not on the flesh tones. Museum laboratories usually
develop studies based on the characterization of minute cross-
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section samples to discover three key elements of the
painter’s technique: the nature of pigments, of the binders,
and the thickness of the paint layers. However, the exact
composition of the organic binders cannot be determined
without taking samples. Because sampling the faces is
obviously not conceivable, we used a non-invasive analytical
approach to gain information on the binder concentration, the
inorganic composition of the pigments (even if they are at low
concentration in the glazes), and the thickness of the layers.

X-ray fluorescence spectrometry (XRF) provides a non-
invasive characterization of the pigments based on their
elemental inorganic compositions.’! Until now, the analysis
had remained qualitative, because all the pigments layers
were considered simultaneously.®? With advances in XRF, it
is now possible to obtain in-depth information by taking into
account X-ray absorption through the different paint
layers."” We have recently shown that new developments of
the software PyMcal'!l give quantitative access to the
composition and to the thickness of the different layers
using appropriate hypotheses on the multilayered material. It
is no longer necessary to take samples from the paintings to
describe the stacking of paint layers as we can obtain virtual
cross-sections using this non-destructive technique. More-
over, the development of new systems with high-resolution
energy-dispersive X-ray detectors enables higher quality
measurements.

Herein we use this analytical technique to study seven
paintings (with emphasis on the faces of the figures) that have
been attributed to Leonardo da Vinci and preserved in the
Louvre museum (Supporting Information, Table S1). Direct
optical microscopy examinations and sample characteriza-
tions on various paintings from the same period showed that
the flesh tones were usually obtained by superimposing four
layers: 1) the priming layer made of lead white, 2) a pink layer
based on a mixture of lead white, vermilion, and earth, 3) a
shadow layer made with a translucent glaze or an opaque
paint (with dark pigments), and 4) varnish. The thickness for
each colored layer ranges from 10-50 um.[ Layers (1), (2),
and (3) were identified on a cross-section taken from the feet
of Saint Anne in the Leonardo painting Saint Anne, the Virgin
and the Child. Unfortunately, in this area, Leonardo did not
apply any shadows. The nature of the layer (3) (shadows) is
still a topic of discussion: art historians®!*'% suggested that
Leonardo drew his inspiration from the Flemish technique of
glazes to create shadow effects on the faces. This technique is
based on the superimposition of translucent paint layers rich
in organic medium with low pigment content. Optical
methods confirmed the presence of glazes on the Mona
Lisa painting,[*'Y but they gave no information about their
composition and thickness.
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We carried out series of XRF analyses on the paintings
(spot of 1.5mm in diameter) along lines going from the
lightest area to the darkest area and following the evolution of
all X-ray lines for each chemical element. From a qualitative
point of view, the XRF spectra on the Mona Lisa painting
show that the low energy Pb M lines emitted by layers (1) and
(2) decrease in the shadows, whereas the Fe and Mn lines that
originate from layer (3) increase (Figure 1a,b). This is linked
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Figure 1. a) XRF spectra obtained on the face of Mona Lisa from the
lightest zone to the shadow close to the hair. Mn, Fe and Ca K lines
present in glazes increase, whereas the Pb M lines at about 2.3 keV
decrease because of an increasing glaze thickness. b,c) Evolution of
the Fe K signal (A) and Pb M/Pb L ratio (#) along the face from a light
area to the darkest area: b) face of Mona Lisa, c) face of La Belle
Ferronniere. The intensity is normalized to the maximum value.

to the growing thickness of the glaze layer in the darker areas.
Fe and Mn are characteristic of the pigments used in the glaze.
The low-energy Pb M lines (at about 2.3 keV) are strongly
absorbed by the upper organic layers; that is, varnish and
glaze layers. The Pb L lines of high energy (around 10.5 keV)
are almost constant, indicating that the lead content in the
painting is constant; that is, the thicknesses of the layers
containing lead white do not change. However, no evolution
of Pb Mlines can be observed in the Belle Ferronniere
painting: we deduce that Leonardo probably used opaque
paint (dark pigments and a classical oil technique) instead of
translucent glazes for the shadow effects (Figure 1c¢).

To reach quantitative chemical and structural results, we
have to make assumptions about glaze and paint formula-
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tions. Indeed, the XRF spectra simulation requires a descrip-
tion of each paint layer. Hypotheses on the density and on the
composition are based on previous research on paint rec-
ipes!™>1®l and on the physical properties of varnish and glaze
films (Supporting Information).'"” The glaze pigment con-
centration is then deduced by XRF data treatment as along
with the thicknesses of the layers. This is possible because we
have more measurements than unknown parameters in the
calculations. We have tested several models corresponding to
different hypotheses to find the most accurate solution; that
is, the best solution to simulate all the XRF spectra obtained
from a single face, assuming that the varnish thickness and the
glaze composition are almost constant. The uncertainty in the
thicknesses is mainly due to possible errors in the layer model,
and has been estimated to be less than 30% (Supporting
Information, Figure S1).

The presence of glazes appears clearly in four paintings:
Mona Lisa, Saint John the Baptist, Bacchus (originally Saint
John the Baptist), and the three faces in Saint Anne, the Virgin
and the Child. Apart from the Bacchus, which is likely to be a
work of Leonardo’s studio, the others were entirely painted
by the master himself over a long period during the last 15
years of his life.

The chronology concerning these artworks is quite
difficult to establish.'! For two earlier works, Leonardo did
not use the glaze technique but instead applied paint
containing dark pigments: on the Virgin from the Annonci-
ation panel to which the young painter may have contributed
in Verrocchio’s studio, and on the Belle Ferronniére. Analyses
were also performed on the Virgin of the Rocks, but the
interpretation turns out to be problematic because cracks and
paint diffusion have occurred during the transfer of the
painting, which is a drastic operation consisting of removing
the paint layers from the original wood panel to another
support, a canvas in this case."!

Figure 2 shows the calculated models of the four paintings,
with glazes presented as virtual cross-sections of paint layers.
The glaze thickness increases progressively from a few
micrometers in the light areas to 30-55 um in the dark
areas. The whole paint thickness (apart from the varnish layer,
which may not be original) is never larger than 80 um. It is less
than 50 um for the Saint John the Baptist. Leonardo chose to
limit not only the range of tones and hues to obtain an overall
pictorial unity, but he used also the paint matter with an
exceptional scarcity, as previously described after observa-
tions of samples from different paintings.**” It should be
stressed that it is not possible with this analysis to distinguish
the priming layer (made of lead white) from the pink layer,
which is also based on lead white.

We also obtained information on the pigment concen-
tration of the glaze. For example, the estimated inorganic
glaze composition of the Child in Saint Anne, the Virgin and
the Child is Fe,O3; 2%, MnO, 0.04%, K,O 0.4%, CaO
1-1.4%. This corresponds to less than 8% of an earth
pigment®!! (aluminosilicates with 25-65% of Fe,0;) diluted
in an organic matrix. An addition of bone black (mainly
calcium phosphates) is possible and would explain the
calcium content. Carbon black may also have been added,
but it cannot be detected with X-ray fluorescence. Black and
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Figure 2. Virtual cross-sections obtained from faces. Top: Mona Lisa;
center: Bacchus (left), Saint John the Baptist (right); bottom: the virgin
(left), and the child (right) in The Virgin, Saint Anne and The Child. The
interface between the pink layer and the glaze is indicated by m, that
between the glaze and varnish by m, and the air-varnish interface by
The data are shown as cumulative thickness versus measurement
positions on the painting surface.
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red grains are extremely thin and barely perceptible by light
microscopy.”!

We have observed an unusual high concentration of
manganese oxide in the glazes of the Mona Lisa (MnO, 1.4 %,
Fe,0; ca. 1 %) and the Saint John the Baptist paintings (MnO,
ca. 3%, Fe,0; ca. 2.3%). An addition of copper in the dark
color was detected in the Virgin of the Rocks (Supporting
Information, Figure S2). It is interesting to note that the same
practice was observed by XRF on the flesh tones in one of the
earliest Leonardo’s paintings, the Madonna of the Carnation
(painted in ca. 1475) on display at the Alte Pinakothek
(Munich, Germany)™,

These quantitative data characterizing the glazes describe
in concrete terms the practices used to realize the faces. They
shed new light on other studies made by art historians. As
early as 1584, in his treatise on the art of painting,*” G.P.
Lomazzo described Leonardo’s talent in superimposing dark
veils to model the shadows. More recently, extensive research
has pointed out that “Using a technique of almost indescrib-
able delicacy and refinement, he has built up the head from a
series of translucent membranes, microtome thin and infinitely
subtle in tonal gradation.” ? Indeed the thinness of the glaze
layers (a layer of 2-5 um is detected, see Figure 2) must be
underlined: it confirms the dexterity of the painter to apply
such thin layers. This technique was well-known by Flemish
painters and other Italian painters, but the various practices
that we have observed that were used by Leonardo to darken
the flesh tones (Table 1) allow us to gain new insights on his
in-depth experimental research and his mastering of the

Table 1: Technical characteristics of the dark paint used for the face
shadows."!

Specific characteristics Paintings

Annonciation

Belle Ferronniere

Virgin of the Rocks

Madonna of the Carnation
(from [20])

Mona Lisa

Saint John the Baptist

Saint Anne, the Virgin, and the
Child

Bacchus (originally Saint John
the Baptist)

Thin layer of oil paint (large content of
pigment), no glaze

Addition of a copper compound
(Glaze or thin paint layer)

Glaze with addition of a manganese
compound
Glazes without manganese or copper

[a] The Madonna of the Carnation is preserved in the Alte Pinakothek from
Munich; the other paintings analyzed for this study are from the Louvre
Museum, Paris.

different techniques. Moreover, the measured slow and
regular evolution of the thickness of the glaze layer implies
that numerous layers (up to 20 or 30) have to be applied to
obtain the darkest shadows. As a certain drying time has to be
allowed between each application (from several days to
several months, depending on the glaze content in resin and
oil), another of Vasari’s comments!!! on the creation time of
the Mona Lisa painting can be easily understood: “After
toiling over it for four years, he left it unfinished.” Even today,
Leonardo’s realization of such thin layers still remains an
amazing feat.
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Experimental Section
XREF spectra were acquired with a portable system designed for this
study and constructed in the C2RMF laboratory. The system is
equipped with a silver anode X-ray tube (Moxtek Bullet tube) and a
Si(Li) AXAS-V detector from Ketek (SDD) cooled by the Peltier
effect and reaching an energy resolution (FWHM) of about 136 eV at
5.9 keV at the working temperature. The operating conditions of the
tube were 35kV and 95 pA. The distance from the sample to the
detector was 2.5 cm, the beam impact angle 45°, and the detection
angle 90°. Helium flowing out of the detector (flow rate 1.5 Lmin™)
allowed the detection of low-energy X-ray radiation, which are very
important for the data quantification.

The spectra were processed by the dedicated software PyMca
(version 4.3.0), using the fundamental parameter method.

Received: February 23, 2010
Revised: May 14, 2010
Published online: July 14, 2010

Keywords: analytical methods - Leonardo da Vinci - paintings -
X-ray fluorescence spectroscopy

[1] G. Vasari, Lives of the Most Eminent Painters, Sculptors, and
Architects, revised edition 1568, translated by Gaston DeC.
De Vere, Philip Lee Warner, London, 1912-1914.

[2] M. Kemp, Leonardo da Vinci, The Marvellous Works of Nature
and Man, Dent, London, 1981.

[3] J. Franck, Léonard, Image et Mathématique de L’insaisissable,
Ars Latina, Paris, 2007.

[4] J. P. Mohen, M. Menu, B. Mottin, Mona Lisa, Inside the Painting,
Harry N. Abrams inc, 2006.

[5] B. Mottin, The Virgin and the Child with Saint Anne (Paris,
Louvre): a New Infrared Reflectography, Archetype 2010, in
press.

[6] L. Syson, R. Billinge, Burlington Magazine 2005, 147, 450.

[7] G. Chiari, Nature 2008, 453, 159.

[8] M. Mantler, M. Schreiner, X-Ray Spectrom. 2000, 29, 3.
[9] P. Moioli, C. Seccaroni, X-Ray Spectrom. 2000, 29, 48.

[10] a) L. Bonizzoni, A. Galli, G. Poldi, M. Milazzo, X-Ray Spectrom.
2007, 36, 55; b) K. Nygard, K. Hamalainen, S. Manninen, P. Jalas,
J. P. Ruottinen, X-Ray Spectrom. 2004, 33,354; c) L. de Viguerie,
V. A. Solé, P. Walter, Anal. Bioanal. Chem. 2009, 395, 2015.

[11] V. A. Solé, E. Papillon, M. Cotte, P. Walter, J. Susini, Spec-
trochim. Acta B 2007, 62, 63 (website: http://pymca.sourceforge.
net/).

[12] J. Dunkerton, S. Foister, D. Gordon, N. Penny, Durer to
Veronese, Sixteenth-Century Painting in the National Gallery,
Yale University Press, New Haven and London in association
with National Gallery Publications Limited, London, 1999.

[13] J. Dunkerton, S. Foister, D. Gordon, N. Penny, Giotto to Diirer,
Early Renaissance Painting in the National Gallery, Yale Univ.
Press, New Haven and London in association with National
Gallery Publications Limited, London, 1991.

[14] M. Elias, P. Cotte, Appl. Opt. 2008, 47, 2146.

[15] L. de Viguerie, G. Ducouret, M. Cotte, F. Lequeux, P. Walter,
Colloids Surf. A 2008, 331, 119.

[16] L. de Viguerie, L. Beck, J. Salomon, L. Pichon, P. Walter, Anal.
Chem. 2009, 81, 7960.

[17] L. de Viguerie, G. Ducouret, T. Moutard-Martin, F. Lequeux, P.
Walter, C. R. Phys. 2009, 10, 612.

[18] F. Zolner, Leonardo Da Vinci 1452-1519: The Complete
Paintings and Drawings, Taschen, 2007.

[19] G. Emile-Male, Raccolta Vinciana, Fascicolo XIX, Milan, 1962.

[20] C. Syre, J. Schmidt, H. Stege, Leonardo da Vinci— Die Madonna
mit der Nelke, Ausstellung in der Alten Pinakothek, Miinchen,
Schirmer/Mosel, 2006.

[21] F. Perego, Dictionnaire des matériaux du peintre, Belin, Paris,
1990.

[22] P. Lomazzo, Trattato dell’arte de La pittura di Gio. Paolo
Lomazzo milanese pittore. Diuiso in sette libri. Ne’ quali si
contiene tutta la theorica, & la prattica d’essa pittura, Milano,
Paolo Gottardo Pontio, 1584.

www.angewandte.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2010, 49, 61256128


http://dx.doi.org/10.1038/453159a
http://dx.doi.org/10.1002/(SICI)1097-4539(200001/02)29:1%3C3::AID-XRS398%3E3.0.CO;2-O
http://dx.doi.org/10.1002/(SICI)1097-4539(200001/02)29:1%3C48::AID-XRS404%3E3.0.CO;2-H
http://dx.doi.org/10.1002/xrs.930
http://dx.doi.org/10.1002/xrs.930
http://dx.doi.org/10.1007/s00216-009-2997-0
http://dx.doi.org/10.1364/AO.47.002146
http://dx.doi.org/10.1021/ac901141v
http://dx.doi.org/10.1021/ac901141v
http://dx.doi.org/10.1016/j.crhy.2009.08.006
http://www.angewandte.org

