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My PhD at the UA: Mobile scanners for paintings 

Instrument A (2009) 
Instrument B (2010) 

Instrument C (2010) 

Instrument D (2011) 
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My PhD at the UA: Mobile scanners for paintings 

Instrument A (2009) 
Instrument B (2010) 

Instrument C (2010) 

Instrument D (2011) 

Bruker M6 Jetstream (2012) 
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Besprochene Gemälde 
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Preliminary Notes 

>  This tutorial explains my personal workflow to develop MA-XRF imaging 
data of historical paintings. 

>  This needs two software packages: PyMCA and datamuncher. 

>  PyMCA: 
§  I am not the developer 

§  I will only explain the features we need (there are much more) 

§  One reason to learn it: It is instrument independent, so you can take the knowledge 
with you. 

>  Datamuncher is my work and can be found:  
§  http://sourceforge.net/projects/datamuncher/ 
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Investigations at the macroscopic level: Mobile instruments XRF imaging of historical paintings: mobile instruments 

Supper at Emmaus 
After (?) Caravaggio 
199.5 x 143 cm, oil and tempera on canvas 
Private collection, New York, USA 
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Investigations at the macroscopic level: Mobile instruments XRF imaging of historical paintings: mobile instruments 

(For a Long Time)  
World’s Largest Object Entirely Mapped with XRF 
Composed of 12 individual scans with Instrument D 
2032 x 1456 pixel 
1 mm step size 
~0.4 s/pixel 
=> 16 days 
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60 cm 

60 cm 

Name:   Instrument D (University of Antwerp) 
Source:  10 W Rh X-ray tube 
Optic:   0.5 or 0.8 mm Pb pinhole 
Detectors:  4 SDDs 
Range:  60 x 60 cm2 

M. Alfeld, et al., Appl. Phys. A: Mater. Sci. Process. (2013) 111, 165–175. 

XRF imaging of historical paintings: mobile instruments 
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Identification of minor components 
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Identification of minor components 
Fe: Earth pigments 
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Identification of minor components 
Mn: Earth pigments 
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Identification of minor components 
Hg-L: Vermilion (HgS) 
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Identification of minor components 
Pb-L: Lead white 
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Cu: Green and blue pigments 
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Smalt 

parts as well as the entire γ-section were uniformly covered with an Fe
and Co-containing overpaint.

Visual comparison of the K, Co, Ni and As maps of the α-section re-
veals a similarity in their distribution, although not all details and high-
lights are exactly the same in all images. K is not only associated here
with the use of smalt, but also with that of red lake (from alum or
KOHaddedduring its production) [26]. No significant Bi signalswere re-
corded from this painting (as is the case for most other Rembrandt
paintings examined with XRF scanning). Since the Fe-distribution in
the α-section is quite different from those of the above-mentioned ele-
ments, we can infer that the Fe map is almost completely dominated by
the earth pigment-containing areas, where the Fe concentration is
much higher than in smalt (of the order of a few wt.%). Thus, it is not
useful to employ the correlation between Co and Fe in the maps for
the identification of different types of smalt.

The Co map of the α-section demonstrates that smalt was used ex-
tensively in the areas of the turban, the curtain, Saul's garments and
his chair. The patchy appearance at the left and bottom of the Co
mapcorresponds to areas of abraded and partially removed smalt-rich
paints in Saul's cloak, which initially appears to have extended over
the chair. The lighter (higher intensity) areas in the Co map correspond
with the thicker/more intact smalt-rich paint. This was demonstrated
by comparisonwith paint cross-sections from this region of the painting
as well as surface examination of the painting with the stereo-
microscope. Remains of a now darkened smalt-rich layer were found
over much of Saul's garment and chair. Where the smalt layer has
been (partially) removed, underlying bold brushstrokes of red oxide
from the garment below became exposed. Paint cross-sections corre-
sponding to the dark patchy areas in the scans of Saul's cloak (see
Fig. 3, samples MH621_x16 and MH621_x23) confirm the presence of
an incomplete smalt-rich top paint layer applied on top of red lake
glazes (see arrows in ultraviolet image, Fig. 3c). Here the smalt remains

are covered by thick layers of strongly fluorescent varnish. The partial
removal of the smalt paint from Saul's garment and chair is most likely
due to a misinterpretation, where a restorer mistakenly removed the
discolored and darkened smalt layer in order to recover the bright red
color of Saul's cloak.

In Fig. 4 a number of Co:Ni correlation plots of the painting are pre-
sented. Here the observed XRF intensity INi(x,y) of the Ni–K lines in a
particular pixel (x,y) is plotted against the corresponding Co–K intensity
ICo(x,y). The rationale behind the choice of Co:Ni correlation plots over,
for instance, Co:As, is that Co–K and Ni–K lines are in the same energy
range, and are expected to respond in a similar way with regard to ab-
sorption effects. It is clear from Fig. 2 that both the Co and Ni images
show a meaningful and contrast-rich distribution in which a part of
the garment of Saul, his turban, the chair he is sitting on and the curtain
he is holding, are visible. On the other hand, the Co:Ni correlation plot of
Fig. 4A is fairly noisy. The noise ismainly due to randomvariations in the
observed net Co and Ni XRF intensities recorded at all pixel values. This
is referred to as counting noise. The average magnitude (i.e., the expec-
tancy value) of the counting noise on an XRF signal I is I1/2; thus, the rel-
ative magnitude of the counting noise is proportional to I1/2/I= I−1/2. It
is therefore possible to reduce its relative importance by increasing the
recorded intensity I. This can be done by using longer dwell times per
pixel during the acquisition. However, a relatively important increase
in dwell time, say, by an order of magnitude will only result in an im-
provement in the relative standard deviation (RSD) of the noise by a fac-
tor of 3. An alternative that does not lead to significantly longer
acquisition times, however, is to consider scatter plots that are derived
from binned MA-XRF maps. By summing the XRF signals from a group
of e.g., 4, 9 or 36 pixels together, an XRF spectrum in which the relative
magnitude is reduced by a (binning) factor 2, 3 or 6 can be obtained.
Obviously, in order to obtain binned images that have better signal-to-
noise characteristics, their lateral resolution is reduced. The improved

Fig. 3.Optical and backscatter electron (BSE)micrographs of three paint cross sections (MH621_x16,MH621_x23 andMH621_x30) and their locations in the painting (a). Dark field (b, d,
g) and ultraviolet fluorescence optical microscopy images (c, e, h) are shown. For samples MH621_x23 and MH621_x30 the BSE images (f, i) highlight the difference in stratigraphy
between the turban area (sample MH621_x30, single smalt layer, c. 200 μm thick) and the cloak area (sample MH621_x23, multiple layers, the top one containing smalt, c. 70 μm
thick). Scale bar: 100 μm.
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•  Smalt is a ground Co-rich K based glass, used as a blue pigment in the 17th 
century.  

•  Its minor components next to Co and K are: Fe, Ni, As and Bi. 
•  Different kinds of smalt are known to be used. 
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Saul and David 

holding a spear and wiping a tear from his eye with a curtain. David
kneels before him at the right playing his harp. The subject of Saul and
David is usually considered to be the moment before the frenzy of
King Saul, which caused him to hurl his spear at David (I Samuel 18:
9–11) [1]. At some point in the past, the figures of Saul and David
were cut apart, and later rejoined (before 1869), at the same time
adding a large square above David's head to replace a piece of missing
canvas. As seen in Fig. 1b, this upper right section of canvas was found
to originate from one of the many copies made after a painting by An-
thony Van Dyck, depicting a portrait of Isabella Clara Eugenia in the
habit of the Poor Clares [2]. Narrow strips were also added to the
upper, bottom and right edges. Thus, the painting now consists of
some 10 separate pieces of canvas (15 if one considers that the strips
along the edges are made up of composite pieces), while a narrow
strip of the original canvas is missing along the vertical join between
the figures of Saul and David [3]. The painting was acquired in 1898
by the then Mauritshuis director, Abraham Bredius who bequeathed it
to the Mauritshuis in 1946. Full details on the painting's provenance
are found in Ref. [4].

This painting has only recently been welcomed back into the cata-
logue of Rembrandt's works [5,6]. Doubts had already been raised in
the 19th century about Rembrandt's authorship and in 1969 the work

was dismissed from Rembrandt's oeuvre by a leading Rembrandt schol-
ar [7]. Prior to 1969, however, the picture was always generally
regarded as one of Rembrandt's greatest paintings [8]. During its recent
study and conservation treatment, new insights have been gained about
the stylistic andmaterial aspects of the painting. This study supports the
notion already proposed in 1978 by De Vries at al. that two stages in the
painting process can be distinguished, although the picture is now con-
sidered to have been begun somewhat earlier [9]. The painting was
started in a more colorful style characterized by greater detailing and
smoother handling of the paint. In contrast, the adjustments made to
the painting during the second stage are painted very loosely [10].
Certain passages are particularly difficult to interpret, for instance in
the garment of Saul at the lower left, where thick brushstrokes of red
oxide paint have been left exposed in a very awkward manner. Also re-
markable is the extensive application of smalt. Smalt is a pigment that
ranges in color from gray to blue and is obtained by grinding appropri-
ately colored glass into a fine powder; K2O-rich glass can be colored in-
tensely blue by adding Co2+-salts to the melt [11]. It would seem that
Rembrandt was experimenting with the use of smalt in this second
phase, since it was found over much of the painting, in a mixture with
a little earth pigment and organic yellow lake. The extensive use of
smalt especially in mixtures with bone black, lakes and earth pigments

Fig. 1. Rembrandt, ‘Saul and David’, c. 1652, 126 × 158 cm, Mauritshuis, inv. no. MH621/Bredius, no. 526), oil on canvas. (a) Before, (b) during and (c) after the recent conservation
treatment.
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Saul and David 

holding a spear and wiping a tear from his eye with a curtain. David
kneels before him at the right playing his harp. The subject of Saul and
David is usually considered to be the moment before the frenzy of
King Saul, which caused him to hurl his spear at David (I Samuel 18:
9–11) [1]. At some point in the past, the figures of Saul and David
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(Exelis, USA) and Matlab (2012b, MathWorks, MA). RIS maps were
found using a normalized cross-correlation with endmember spectra
derived from the cube using Matlab.

2.3. Light microscopy of paint micro-samples

Paint micro-samples were embedded in Technovit 2000 LC mount-
ing resin, a one-componentmethacrylate that polymerizes under visible
blue light (Heraeus Kulzer GmbH, Germany) and polished to expose the
paint layer build-up. This was done with the assistance of a sample
holder, on Micromesh sheets up to grade 12,000 (Micro-Surface
Finishing Products Inc., Wilton, Iowa, USA) [25]. The embedded cross-
sections were examined using a Leica DM2500 light microscope
equippedwith a Leica DFC490 digital camera (Mauritshuis, The Hague).

2.4. Scanning electron microscopy coupled with energy-dispersive X-ray
analysis (SEM–EDX)

SEM–EDX analysis of the embedded samples was performed at the
FOM Institute AMOLF in Amsterdam, using a FEI Verios 460 high-
pressure electron microscope equipped with an Oxford EDX system.
EDX spot analysis of the smalt pigment particles was done at 20 kV ac-
celeration voltage and 0.20 nA beam current. The samples were gold

coated (3 nm) on an SC7640 sputter coater (Quorum Technologies,
Newhaven, East Sussex, UK) prior to analysis in order to improve sur-
face conductivity.

3. Results and discussion

3.1. XRF scanning elemental distribution maps

In Fig. 2, a selected number of XRF distribution maps of the entire
painting are shown. Only maps of elements Co, K, Ni and As associated
with the pigment smalt are shown here. It is worth noting that these el-
emental maps were recorded prior to removal of the overpaint and
darkened varnish layers that initially obscured the painting (Fig. 1A).
Themaps influenced the conservation treatment, providing essential in-
formation that lead to the decision to remove the overpaint (and var-
nish), as shown in the cleaned state image of the painting shown in
Fig. 1B. From the Fe and Co distribution maps, it is immediately clear
that the upper right canvas piece (marked γ) painted in a monochrome
dark tone, does not show the same origin as the canvas sections of Saul
and David (marked α and β respectively in Pb–L map). Both Co and Fe
appear to be present throughout the γ area at high abundance. The
Co- and Fe-maps suggest that both the joins between the various sub-

Fig. 2. XRF scanning distribution maps (1656 × 1311 pixels) of various elements present in the painting.
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the figures of Saul and David [3]. The painting was acquired in 1898
by the then Mauritshuis director, Abraham Bredius who bequeathed it
to the Mauritshuis in 1946. Full details on the painting's provenance
are found in Ref. [4].

This painting has only recently been welcomed back into the cata-
logue of Rembrandt's works [5,6]. Doubts had already been raised in
the 19th century about Rembrandt's authorship and in 1969 the work

was dismissed from Rembrandt's oeuvre by a leading Rembrandt schol-
ar [7]. Prior to 1969, however, the picture was always generally
regarded as one of Rembrandt's greatest paintings [8]. During its recent
study and conservation treatment, new insights have been gained about
the stylistic andmaterial aspects of the painting. This study supports the
notion already proposed in 1978 by De Vries at al. that two stages in the
painting process can be distinguished, although the picture is now con-
sidered to have been begun somewhat earlier [9]. The painting was
started in a more colorful style characterized by greater detailing and
smoother handling of the paint. In contrast, the adjustments made to
the painting during the second stage are painted very loosely [10].
Certain passages are particularly difficult to interpret, for instance in
the garment of Saul at the lower left, where thick brushstrokes of red
oxide paint have been left exposed in a very awkward manner. Also re-
markable is the extensive application of smalt. Smalt is a pigment that
ranges in color from gray to blue and is obtained by grinding appropri-
ately colored glass into a fine powder; K2O-rich glass can be colored in-
tensely blue by adding Co2+-salts to the melt [11]. It would seem that
Rembrandt was experimenting with the use of smalt in this second
phase, since it was found over much of the painting, in a mixture with
a little earth pigment and organic yellow lake. The extensive use of
smalt especially in mixtures with bone black, lakes and earth pigments

Fig. 1. Rembrandt, ‘Saul and David’, c. 1652, 126 × 158 cm, Mauritshuis, inv. no. MH621/Bredius, no. 526), oil on canvas. (a) Before, (b) during and (c) after the recent conservation
treatment.
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(Exelis, USA) and Matlab (2012b, MathWorks, MA). RIS maps were
found using a normalized cross-correlation with endmember spectra
derived from the cube using Matlab.

2.3. Light microscopy of paint micro-samples

Paint micro-samples were embedded in Technovit 2000 LC mount-
ing resin, a one-componentmethacrylate that polymerizes under visible
blue light (Heraeus Kulzer GmbH, Germany) and polished to expose the
paint layer build-up. This was done with the assistance of a sample
holder, on Micromesh sheets up to grade 12,000 (Micro-Surface
Finishing Products Inc., Wilton, Iowa, USA) [25]. The embedded cross-
sections were examined using a Leica DM2500 light microscope
equippedwith a Leica DFC490 digital camera (Mauritshuis, The Hague).

2.4. Scanning electron microscopy coupled with energy-dispersive X-ray
analysis (SEM–EDX)

SEM–EDX analysis of the embedded samples was performed at the
FOM Institute AMOLF in Amsterdam, using a FEI Verios 460 high-
pressure electron microscope equipped with an Oxford EDX system.
EDX spot analysis of the smalt pigment particles was done at 20 kV ac-
celeration voltage and 0.20 nA beam current. The samples were gold

coated (3 nm) on an SC7640 sputter coater (Quorum Technologies,
Newhaven, East Sussex, UK) prior to analysis in order to improve sur-
face conductivity.

3. Results and discussion

3.1. XRF scanning elemental distribution maps

In Fig. 2, a selected number of XRF distribution maps of the entire
painting are shown. Only maps of elements Co, K, Ni and As associated
with the pigment smalt are shown here. It is worth noting that these el-
emental maps were recorded prior to removal of the overpaint and
darkened varnish layers that initially obscured the painting (Fig. 1A).
Themaps influenced the conservation treatment, providing essential in-
formation that lead to the decision to remove the overpaint (and var-
nish), as shown in the cleaned state image of the painting shown in
Fig. 1B. From the Fe and Co distribution maps, it is immediately clear
that the upper right canvas piece (marked γ) painted in a monochrome
dark tone, does not show the same origin as the canvas sections of Saul
and David (marked α and β respectively in Pb–L map). Both Co and Fe
appear to be present throughout the γ area at high abundance. The
Co- and Fe-maps suggest that both the joins between the various sub-

Fig. 2. XRF scanning distribution maps (1656 × 1311 pixels) of various elements present in the painting.
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to originate from one of the many copies made after a painting by An-
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habit of the Poor Clares [2]. Narrow strips were also added to the
upper, bottom and right edges. Thus, the painting now consists of
some 10 separate pieces of canvas (15 if one considers that the strips
along the edges are made up of composite pieces), while a narrow
strip of the original canvas is missing along the vertical join between
the figures of Saul and David [3]. The painting was acquired in 1898
by the then Mauritshuis director, Abraham Bredius who bequeathed it
to the Mauritshuis in 1946. Full details on the painting's provenance
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sidered to have been begun somewhat earlier [9]. The painting was
started in a more colorful style characterized by greater detailing and
smoother handling of the paint. In contrast, the adjustments made to
the painting during the second stage are painted very loosely [10].
Certain passages are particularly difficult to interpret, for instance in
the garment of Saul at the lower left, where thick brushstrokes of red
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ranges in color from gray to blue and is obtained by grinding appropri-
ately colored glass into a fine powder; K2O-rich glass can be colored in-
tensely blue by adding Co2+-salts to the melt [11]. It would seem that
Rembrandt was experimenting with the use of smalt in this second
phase, since it was found over much of the painting, in a mixture with
a little earth pigment and organic yellow lake. The extensive use of
smalt especially in mixtures with bone black, lakes and earth pigments
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Paint micro-samples were embedded in Technovit 2000 LC mount-
ing resin, a one-componentmethacrylate that polymerizes under visible
blue light (Heraeus Kulzer GmbH, Germany) and polished to expose the
paint layer build-up. This was done with the assistance of a sample
holder, on Micromesh sheets up to grade 12,000 (Micro-Surface
Finishing Products Inc., Wilton, Iowa, USA) [25]. The embedded cross-
sections were examined using a Leica DM2500 light microscope
equippedwith a Leica DFC490 digital camera (Mauritshuis, The Hague).

2.4. Scanning electron microscopy coupled with energy-dispersive X-ray
analysis (SEM–EDX)

SEM–EDX analysis of the embedded samples was performed at the
FOM Institute AMOLF in Amsterdam, using a FEI Verios 460 high-
pressure electron microscope equipped with an Oxford EDX system.
EDX spot analysis of the smalt pigment particles was done at 20 kV ac-
celeration voltage and 0.20 nA beam current. The samples were gold

coated (3 nm) on an SC7640 sputter coater (Quorum Technologies,
Newhaven, East Sussex, UK) prior to analysis in order to improve sur-
face conductivity.

3. Results and discussion

3.1. XRF scanning elemental distribution maps

In Fig. 2, a selected number of XRF distribution maps of the entire
painting are shown. Only maps of elements Co, K, Ni and As associated
with the pigment smalt are shown here. It is worth noting that these el-
emental maps were recorded prior to removal of the overpaint and
darkened varnish layers that initially obscured the painting (Fig. 1A).
Themaps influenced the conservation treatment, providing essential in-
formation that lead to the decision to remove the overpaint (and var-
nish), as shown in the cleaned state image of the painting shown in
Fig. 1B. From the Fe and Co distribution maps, it is immediately clear
that the upper right canvas piece (marked γ) painted in a monochrome
dark tone, does not show the same origin as the canvas sections of Saul
and David (marked α and β respectively in Pb–L map). Both Co and Fe
appear to be present throughout the γ area at high abundance. The
Co- and Fe-maps suggest that both the joins between the various sub-
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signal-to-noise becomes clear when the equivalent Co:Ni scatter plots
are considered (Fig. 4A–C). While in the scatter plot derived from the
unbinned original data (Fig. 4A) the difference between the groups of
pixels having various Co:Ni intensity ratios is difficult to see, in Fig. 4C
this is clearly visible. Next to the “medium Ni” group of pixels (labeled
red in Fig. 4D,E), a smaller group of pixels (labeled green) is present,
characterized by a Ni:Co ratio that is ca 25% higher than in the large
(red labeled) group. Fig. 4E shows that this “high Ni” group of pixels is
situated in Saul's turban and some small parts of his clothing. The “me-
dium Ni” group of smalt pixels corresponds to patchy areas of paint of
uneven thickness that are present in Saul's garment in section α as
well as in section β. The pixels belonging to the curtain area in the
background between the figures of Saul and David, generally showing
both a low Co and Ni intensity, were labeled blue. Paint samples
from the curtain area show lesser amounts of smalt present in the
upper paint layer as compared to samples from the turban and Saul's
garment, which explains the relative low Co and Ni intensities in the
curtain area.

Next to these three groups that contain pixels belonging to theα and
β sections of painting, a fourth group of pixels, characterized by a very
low Ni to Co XRF intensity ratio is also visible in Fig. 4C (magenta
color code). These correspond to the paint used to cover the later
added canvas insert γ; this group was already discussed previously
[4]. Microscopic examination of paint samples taken from section γ of
the painting demonstrated that in these areas, Co is not present in the
form of smalt pigment particles but in a more finely divided state, dis-
persed through the layer. The Co material was likely added to the
19th-century overpaint as drying agent (see Ref. [4], pp. 40, 42, 43). In

sections α and β however, the Co and Ni are definitely present inside
coarsely ground smalt particles.

3.2. Quantitative smalt particle sample analysis

In order to verify that the difference between the red and green pixel
groups established via the scatter plots of Fig. 4 can effectively be attrib-
uted to two types of smalt with a distinguishable composition and not
to measurement artifacts or other causes, quantitative SEM–EDX was
performed on a number of individual smalt particles. In Fig. 5,
backscattered electron (BSE) images of the two examined paint cross-
sections are shown. One paint sample originates from the central part
of the turban area (MH621_x30, Ni-rich group, green in Fig. 4D,E)
while the second (MH621_x23) was taken from center bottom in Saul's
garment (red pixels in Fig. 4D,E). In both cross-sections, fairly thick
layers (c. 70–200 μm) of densely packed smalt particles, are present.
In all images, the presence of partially leached smalt particles can be
discerned. In Table 1, the results of quantitative analysis of the two
paint samples are summarized. The smalt particles with the highest
K2O content (10–16%) are essentially unaltered; similar levels were de-
termined by Spring et al. [16] in various 16–17th century paintings by
artists such as P. Breughel the Elder, J. Beukelaer and T. Gainsborough.
In the other particles from both sampling locations, substantial leaching
of K has taken place. In each sample, a series of 14 individual smalt par-
ticleswere analyzedwith SEM–EDX.Where partially leached smalt par-
ticles were identified (see arrows in Fig. 5), care was taken to limit the
irradiated area to their unleached, K-rich center. However, since the
sampling depth of the X-ray signal is more extensive than that of the

Fig. 4.Ni–K vs. Co–K XRF intensity scatter plots corresponding to (A) unbinned, (B) 3× 3 and (c) 6× 6 binned data; (D) Color coding overlaid on (B); (E) locationmap of the various pixel
groups: Green: ‘turban’ group; Red: ‘garment’ pixel group; Blue: ‘curtain’/background group;Magenta: ‘drier’ group. [The uncolored (white) pixels in (D) are shown in black in (E).]. X-ray
intensity range of (A–C): 0–6000 counts for Co–K; 0–2000 counts for Ni–K. (For interpretation of the references to color in this figure legend, the reader is referred to thewebversion of this
article.)
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Rh tube, 45keV, 200µA 0.2s/pixel, 500 µm stepsize.  
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Portrait	of	Michelangelo(?)	
1520	SebasCano	del	Piombo	
	
Barbieri, C. ‘Chompare e amicho karissimo: A portrait 
of Michelangelo by his friend Sebastiona.’ Artibus et 
Historiae. Vol. 28, nr. 56, 2007, pp.107-120. 
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