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1 Introduction

Biblical and mythological nudes form a recurring theme in Rembrandt’s oeuvre.1
In Rembrandt’s second painting of a full-length female nude, depicting the 
biblical Susanna (Daniel 13:19–23), signed and dated 163[6 ], in the collection of 
the Mauritshuis,2 we see a brightly-lit Susanna who has just undressed to take a
bath (fig. 1). Startled by two men hiding in the bushes (their heads can just be made
out) she desperately tries to cover her nakedness.3 In her anguish she looks towards
us, as though we too were spying on this intimate scene. 

The recent varnish removal in 2002 allowed a close examination of the painting,
which, together with chemical analytical research, provides a better understanding
of the pictures original appearance. This article reports on analyses that have been
carried out regarding changes that have taken place to the format of the panel 
_ the added strip and the overpainted corners _ as well as changes in colour due
to the degradation of paint layers. In addition other aspects of the painting tech-
nique have been investigated where possible. 

fig. 1 Rembrandt, Susanna, 1636, oil on panel, 47.4 x 38.6 cm,
Mauritshuis, inv. 147, after treatment.
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The dimensions of the panel depicting Susanna were
originally slightly different. That a strip of oak measur-
ing 4.6 cm wide at the top and 4.1 cm at the bottom was
added to the right side of the panel sometime before
1758 is known, because in that year the picture was 
auctioned in Antwerp with its present dimensions, as
part of the collection of P. J. Sneijers.4 That the addition
is later, has so far as we know, never been doubted; 
stylistically the manner of painting on the addition 
differs from that of the original panel, the handling
totally lacking the contrasts between smooth and 
pastose, translucent and opaque, so characteristic of
Rembrandt’s surfaces. Furthermore the paint has a 
gritty texture that is foreign to the paint elsewhere in
the painting. The join, which passes through the signa-
ture and up just to the right of the nose of the far right
head, is clearly visible to the naked eye. Probably to
facilitate adhesion of the oak strip, it seems that the
right edge of the original single member panel was also
slightly trimmed. The reason for this was probably
woodworm damage, for we see on the back, along the
join, that the panel is riddled with tiny wormholes. As
Broos points out, evidence of the reduction of the origi-
nal panel is provided by the signature at the lower right
where the original letters ‘andt’ disappeared. This part
of the signature was subsequently supplemented on 
the added strip with ‘ant’ followed by an extra ‘f .’ (fig. 2).
This change is odd because, as pointed out by the
Rembrandt Research Project (rrp), the ‘d’ is missing
from Rembrandt and the ‘f’, of fecit [made it], already
precedes the date ‘f 1636’ on the line below.5 While the ‘f
163’ is original, the last ‘6’ was added on the new strip,
the paint of which extends a millimetre or so over the
original panel, obscuring the remains of the underlying
original final digit. Though difficult to discern, parts of
a curve from either a 6 or an 8 can be made out beneath
the overpaint. Although this might cast doubt on
whether the picture is indeed from 1636, the picture 
certainly existed in 1636 because Rembrandt’s pupil
Willem de Poorter (1608–after 1649) made a drawing
after the painting which is signed and dated 1636.6

There is also something odd about the upper corners of
the panel, for in raking light raised paint corresponding
to rounded corners can be discerned. From the near
infrared image 7 (fig. 3) it is clear that Rembrandt first
filled in the corners with a loosely brushed-out black
paint to give the scene an arch-shaped format. This
black layer is also visible with the stereomicroscope
along the upper left edge of the picture where here and
there it is exposed. It is also evidenced in cross-section

(fig. 4). While Rembrandt’s intention must have been 
to conceal these corners from sight with a rectangular
frame with corner spandrels,8 at some point the corners
of the painting were filled in, but before the present
study it was not known whether Rembrandt or a later
artist did this. More than a century ago C. Hofstede de
Groot observed that the painting may originally have
had rounded corners, 9 but it is only more recently that
this suggestion has been revived.10 Certainly van Thiel,
in his entry, is correct in observing that the overpaint-
ing must have occurred some considerable time after 
the paint had hardened since the arch is visible in the
surface relief in raking light. He also suggests, quite 
logically, that the change could have been made at 
the time of the addition of the strip. Changes to the
dimensions of pictures, often drastic, frequently
occurred, usually because of damage,11 though some-
times simply to fit another frame or an interior.12
That the overpainted corners had gone undetected 
for so long is no doubt due to the condition of the 
picture before the removal of varnish in 2002.13 Covered
in several layers of discoloured brown varnish, the over-
painted corners were almost impossible to discern.14
Detection was made even more difficult since the paint
from the addition overlaps the upper right corner of 
the original part of the panel by a few centimetres.
Furthermore age cracks that formed in this continuous
paint layer extend across the join. 

Using microscopic and chemical analyses of paint 
samples from the strip and the corners on the original
panel, this paper aims to show that the changes in 
format, the addition of the strip and the filling-in of 
the corners took place at the same time (see following
sections on Preparatory layers and Overpaint in upper 
right corner). 

fig. 2 Detail of signature, lower right, Rembr[ant f.] / f 163[6].  
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fig. 3 Overall near IR image (compilation of 6x4 images).

040116-p001_128  22-02-2005  13:24  Pagina 79



– 80 –

fig. 4 Cross-section from top edge of original panel showing 
Rembrandt’s ground layers, the black spandrel layer and dark 
overpaint. Normal light (A), UV (B) and SEM image (C).

fig. 5 Cross-section from top edge of added strip showing ground 
and dark paint layer on addition. Normal light (A), UV (B) 
and SEM image (C).
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2 Investigations of the original panel 
and the later additions

The analytical approach involved embedding several
minuscule paint samples as cross-sections for comparison
of the paint layer build-up and for material analysis
using Optical Microscopy15 and Scanning Electron
Microscopy with Energy Dispersive X-Ray micro-analysis
(sem-edx).16 Loose sample material was collected for
binding medium analysis with Direct Temperature
resolved Mass Spectrometry (dtms).17 Additional 
sample material from the lead white paint was analysed
with X-Ray Powder Diffraction (xrd) and Lead Isotope
analysis, and the red lakes were characterised with
High-Performance Liquid Chromatography (hplc).18

• Preparatory layers
The preparatory layers of the original panel (including
the spandrels) are typical for Rembrandt’s panel 
paintings: a whitish chalk ground, covered by a beige-
coloured imprimatura (fig.4) containing mainly lead
white (edx: Pb) and chalk (edx: Ca), with additions of
brown umber (edx: Fe, Mn, Si, Na, Mg, Al), red earth
(edx: Fe, Al, Si) and some silica particles (edx: Si, O).
dtms analysis provided evidence of the use of a linseed
oil medium in the imprimatura (p/s = 1.7).19 While the
ground and imprimatura layers of the original panel are
commonly found in Dutch paintings of the seventeenth
century, the single dark grey ground on the addition, is
unusual (fig. 5). The significance of the absence of the
lower chalk layer is hard to assess, as so little is known
about seventeenth and eighteenth century panel addi-
tions. The use of a dark ground only became popular in
the Netherlands towards the end of the seventeenth
century, but an addition may not necessarily reflect nor-
mal priming practice. Consisting of a mixture of coarse
and fine lead white and chalk with fine black (probably
lamp black) and very fine red earth pigment (edx: Al, Si,
Fe, K, Mg) in a binding medium-rich matrix of linseed
oil (p/s = 1.4) with the addition of a little pine resin 20,
this ground has not been encountered in any of
Rembrandt’s studio, or followers’ paintings.21 The 
addition of pine resin, not usually found in seventeenth
century ground layers, explains why exposed areas were
somewhat sensitive to organic solvents (iso-propanol
mixtures were used during cleaning). Interestingly, the
addition of diterpenoid resin has been found in several
pictures of the eighteenth and nineteenth centuries.22
This ground was applied after the strip was added _ as
here and there it overlaps the original panel by a few
millimetres; in the upper right corner, however, it
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fig. 6 DTMS: total ion current (TIC) diagrams of brown overpaint 
on the original and brown paint from the addition are 
identical (A); summed mass spectra of the volatile region 
(scans 20, 53) (B); the polymer region (scans 52, 62) 
(C); and the iorganic fraction (scans 63, 88) (D). 
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extends a few centimetres over the original paint. Paint
cross-sections from this area show a grey layer directly
on top of Rembrandt’s black paint of the spandrel, which
appears to be identical to the grey ground on the addition.
With high resolution imaging and elemental analyses
with sem-edx of these layers, it could be established
that they have an identical layer morphology, whereby
the pigment composition and distribution are the same. 

• Overpaint in upper right corner 
After varnish removal, it was clear that the gritty dark
brown background paint in the top right corner on 
the addition extended over the original panel up to 
and around the tree, where part of the branch was also
added. Although it had been established that the grey
layer below on the original panel was identical to the
ground layer on the addition, which in itself is proof
that this brown paint must also be later, analysis of this
layer was also carried out in the hope that it would pro-
vide more information about the date of these changes. 
Cross-sections from both the brown background in 
the upper right corner of the original panel, and from
the brown background in the addition show identical
brown top layers that consist of strikingly coarse black
particles with a little bright red (figs. 4–5). Analysis with
sem-edx of these layers in the two cross-sections con-
firmed these observations (figs. 4c and 5c). In both sam-
ples the black pigment was identified as bone black
(edx: Ca, P, (Mg)).23 Binding medium analyses with
dtms gave an exactly identical composition for the
binding medium of the corner paint and that on the
addition (fig. 6).24 Both edx and dtms spectra gave evi-
dence of the presence of lead in the dark-brown back-
ground paint.25 In back scatter sem images, tiny bright
white dots in the otherwise dark matrix of the organic
binding medium are interpreted as lead drier which the
artist must have added, either to the oil binding medi-
um or by mixing directly into the black paint.26 This
would have enhanced the drying of the paint since such
black pigments, in addition to absorbing a considerable
amount of oil due to their porous structure, are known
anti-oxidants which retard the drying of oil films.27 This
role of lead was confirmed by dtms by the absence of an
event associated with the carbonate in lead white. The
dtms spectra also indicate a substantial amount of pine
resin present in the linseed oil medium.28 This also 
may explain the sensitivity of the paint to polar organic 
solvents during cleaning, and for the strong uv-fluores-
cence of the binding medium matrix around the dark
bone black particles, though the presence of lead soaps
can also contribute to this.29

The analysis convincingly shows that the overpaint on
the right spandrel, consisting of bone black in oil/resin
medium with lead drier, is identical to the dark paint 
on the addition. Although this indicates these changes
were made at the same time, it is hard to judge when
this occurred, since their composition is not specific to
any one period. Clearly the addition of pine resin places
it outside Rembrandt’s studio.30

• Smalt and smalt discoloration
Smalt, a blue pigment made of ground potassium 
silicate glass, was available in different grades from pale
grey to deep blue _ the colour dependent on the cobalt
content and particle size.31 It was one of the most 
popular blue pigments in Europe in the seventeenth
century and was widely produced in Holland, Flanders
and Germany.32 Rembrandt made great use of smalt 
in a variety of ways : as a blue pigment, alone and in
mixtures, as a bulking agent to give volume and texture,
and as a drier.33 In Susanna it is found in many areas of
the painting: in the sky and the hills of the upper left
background, in the foliage at the lower left, in the hair
and in the intermediate undermodelling layer which 
is for the most part covered by the final paint layers
(figs. 8, 10, 13). 

Smalt-containing paints often appear degraded and
greyed _ what is usually referred to as ‘blanched’.34
Although previous research has shown that greyed and
blanched paint layers in Rembrandt can be associated
with the use of smalt, in these cases, as far as we know,
it has not been established whether the colourless parti-
cles were intended or are the result of discoloration.35
This has sometimes led to the assumption that pale
varieties were most often used by Rembrandt. Recent
research by Boon et al.36 and Burnstock 37 has made it
possible to distinguish analytically between smalt that
has discoloured and smalt that was originally pale in
colour. In this painting the degradation is probably
most disturbing in the sky, where the thicker ridges of
the single layer of smalt paint have become an opaque
grey and the thinner areas a translucent brown (fig. 7).
In the thin areas it is thought that the smalt must be
almost completely colourless, allowing the underlying
panel and imprimatura to play a role in the brownish
appearance. While smalt is the main component in the
sky with the addition of a little bone black, and in some
places also a trace amount of lead white, in the upper
left corner the grey paint there, in addition to smalt,
also contains lead white (edx: Pb), bone black (edx: 
Ca, P) and red and yellow earth pigments (edx: Al, Si, Fe).
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These pigments were probably added in order to match
the colour to the adjacent original paint. Applied evenly,
directly over Rembrandt’s black paint of the spandrel,
this is thought to be overpaint.  Here too it is degraded,
but it has become an even grey, lacking the discontinu-
ous transparent / opaque passages of Rembrandt’s paint
lower down. 

Blanched paint and coarse cracking is also evident in 
the thickly applied greyish foliage on the lower left,
where it is part of a more complex mixture containing
vivianite and possibly chalk (interpreted as the support 
of a yellow lake) modified with some bone black and red
pigments (fig. 9 –10). Here the smalt was probably main-
ly used to give body to the thick foliage under-layer for
the vivianite and a yellow lake glaze that was applied on
top (see sections 2.4 and 2.5). In turn these foliage layers
were applied over a thick undermodelling layer in which
a lot of smalt also features. This undermodelling, a 
heterogeneous reddish brown layer, the colour of which
varies slightly depending on area, contains in addition
to smalt, quartz (edx: Si, O), chalk (edx: Ca), earth 
pigments (edx: Fe, Si, Al), red lake (Al, K, S), bone black
(Ca, P) and a little lead white (edx: Pb). Here it would be
logical to think that the smalt was not used for its blue
colour but for its bulking and drying properties. This
layer, which was used to develop the composition by
indicating the light and dark contrasts, is visible in the

extreme lower left foreground where it was deliberately
left uncovered, and also where it has become exposed 
by tiny losses in the surface paint. 

The research by Boon et al. has established that the
degradation of smalt is the result of potassium being
leached out of the glass by interaction with the oil
medium, being replaced by hydrogen-bearing species,
the cobalt (ii) ions changing from a tetrahedral co-ordi-
nation that is blue to an octahedral co-ordination state
that is a weak pink colour.38 A shift in alkalinity takes
place whereby the basicity of glass is lowered below a
critical level for colour maintenance. Since we know 
that various grades of smalt ranging from deep blue to
pale grey were manufactured, the question is whether
the greyish sky that we now see is the result of the 
discoloration of smalt, or whether the artist deliberately
chose a pale colourless variety. As the picture is now
essentially a monochrome painting, this question has
important consequences for understanding the original
appearance of the picture. Also _ in terms of Rembrandt’s
working practise _ is the smalt used in the final paint
layers different from that used in the undermodelling
layer? Is it possible to differentiate between the type of
smalt used in the paint on top of the left spandrel and
that in Rembrandt’s paint? And finally, what are the 
factors that contribute to the discoloration/degradation
of these smalt paints? 
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fig. 9 (upper right) 
Detail of greyish green foliage at lower left showing blanching 

and coarse cracking.

fig. 8 Cross-section 02 (see Table 1) of Rembrandt’s blanched sky 
(UV illumination). The large smalt particle at the extreme left 
is still blue while the smaller particles have turned grey. 
The layer below is the beige imprimatura (second ground layer). 
The lower chalk ground is not present in this sample.

fig. 7 Detail upper left corner showing overpainted spandrel and 
Rembrandt’s sky: the thick ridges are blanched and the thin areas 
have become transparent.

fig. 10 
Cross-section 07 (see Table 1) from greyish green foliage. On top of a

thick warm undermodelling containing a lot of smalt the foliage was
applied in one thick layer containing the blue earth pigment vivianite

and chalk (from a yellow lake), as well as a little smalt, earth 
pigments, quartz, bone black, red lake and a tiny bit of vermilion. 

This was modified with a thin glaze layer (now faded and cracked) rich
in vivianite and chalk. The chalk is interpreted as the substrate of 

a faded yellow lake. Ground layers missing from sample. Normal light
(A), UV (B) and SEM image (C).

A

B

C
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To answer these questions, the different smalt composi-
tions were analysed with sem–edx; the results are pre-
sented in Table 1. It has been established that, by look-
ing at the proportion of silica (Si) to potassium (K) and
silica to cobalt (Co), we can in fact differentiate between
various qualities of smalt and between degraded and
well-preserved smalt,39 the Si : Co ratio determining the
intensity of the colour and the Si : K ratio the degree of
discoloration. In well-preserved smalt, regardless of
colour, the proportion of Si to K is in the order of 3 : 1 or
2 : 1.40 From Table 1 we can conclude that the proportion
of Si to K in the smalt particles is more in the order of
50 : 1, indicating that the smalt-containing paint must
have discoloured. In a cross-section from Rembrandt’s
sky in the upper left, a large smalt particle with a blue
core can be seen with a discoloured rim (fig. 8).
Measurements in the colourless rim show a dramatic
drop in potassium content compared to the preserved
blue core. Since the majority of the smalt particles are
small and colourless, showing the same diminished
potassium levels, we can conclude that they have all dis-
coloured, implying that Rembrandt’s sky was originally
blue. The presence of a little bone black and hardly any
lead white must mean that a darkish blue was originally
intended here. There is indeed some variation between
the smalt in the overpaint that covers the left spandrel
and Rembrandt’s smalt used elsewhere in the painting.
Analyses of smalt particles in the overpaint show a high-
er cobalt content and a lower percentage of aluminium
pointing to a differently manufactured smalt.
Comparison of the Si and Co ratios show no difference
between the smalt used in the upper paint layers and
the smalt used in the undermodelling paint, indicating
that a lesser quality smalt was not used for areas that
were to be covered up, as might have been expected. 

It has also been shown that the stability of smalt
depends on its composition, which can vary. Smalt is
composed mainly of silica (si) dioxide, along with vari-
able amounts of oxides of potassium (k), cobalt (co), iron
(fe), nickel (ni) and arsenic (as) depending on the geo-
logical source of the cobalt ore.41 Barium (ba), calcium
(ca), sodium (na), magnesium (mg), copper (cu), alu-
minium (al), bismuth (bi) and manganese (mn) can also
be present, depending on the composition of the raw
glass, or other additives possibly used in the manufac-
turing process. From the glass degradation literature 
we have learned that high alkali /low lime glass compo-
sitions are generally considered unstable.42 Certainly
high amounts of k, very little ca and no mg were detected
(Table 1). The high K and the lack of glass network 

stabilising components can be held responsible for 
the severe discoloration; not only in Susanna, but also 
in seventeenth century smalt paints in general. 
The role of other pigments present, or not present, in
the smalt paint layer was also considered. The stabilis-
ing influence of (sufficient) chalk (calcium carbonate) or
lead white is mentioned several times in the literature.43
While only a trace amount of lead white and no chalk
was found in the degraded smalt sky, suggesting that
insufficient ph buffering could play a role in its 
degradation, in the intermediate foliage layer the chalk,
presumed to be present from the yellow lake, was obvi-
ously insufficient to protect against loss of colour, since
the smalt there shows the same diminished potassium
levels as the smalt in the sky.  

The role of the binding medium, which was found to be
linseed oil (p/s ratios = 1.5 to 2) 44, was also considered. In
the back scatter sem images of Rembrandt’s smalt paint
in the sky, tiny discrete highly scattering particles are
observed in the binding medium between the large
smalt pigment particles. These lead-containing particles
are considered to be from a lead drier that was added to
the oil to aid in the homogeneous drying of the layer.45
It has been suggested that the addition of lead drier
improves the drying properties of a smalt layer and that
without lead the smalt layer would preferentially dry at
the surface.46 The strong uv-fluorescence of the matrix
around the smalt particles is thought to be due to the
saponification of the lead drier in the oil, since dtms-
gave no indication for the addition of other components
such as resin, protein, or gum which might be held
responsible.47 Whether the relatively small contribution
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fig. 12 Elemental maps showing showing distribution and intensity 
of Ca, Si, P and Fe in cross-section 07 (see Table 1) of greyish
green foliage. The P and the Fe associated with the vivianite
show overlap. See fig.10c for corresponding SEM image
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of lead (from the drier) in the binding medium also has
an enhanced effect on the discoloration process is still
under investigation. Boon et al. discuss the oil binding
medium’s role as ion exchanger with the potassium ions
in the smalt.48 In this sense a low level of available lead
ions would probably be insufficient to inhibit the leach-
ing of potassium, the aged oil thus acting as a trap for
the potassium leached from the smalt.49

The changes that occur in the binding medium also
seem to play a part in the greyed/blanched appearance of
the smalt paint. The interaction of moisture with the oil
binding medium and the smalt is thought to accelerate/
enhance not only the discoloration 50, but also the physi-
cal degradation of the paint layer, causing cracks and
voids that scatter light. The observation that the varnish
layer covering the discoloured smalt paint had also
become degraded, appearing whitish and spotty, is
thought to be due to the interaction of potassium ions
with atmospheric water either close to or at the varnish
interface. The poor connection between varnish and
paint would increase the degree of light scattering. The
possible contribution of vivianite and yellow lake to the
degradation and blanched appearance of the foliage will
be discussed at the end of the following two sections.

• The use of vivianite in the foliage
Never before identified in Rembrandt’s paintings, 
the identification of the greyish blue earth pigment
vivianite 51 in the grey green foliage represents a new
discovery (fig. 9). Until recently vivianite has mainly
been mainly associated with medieval wall paintings
and polychromy in Germany and England from 1065–
1370, and in Baroque and Rococo Austrian and German
painting and polychromy from 1698–1780.52 Its use in
Dutch seventeenth century easel paintings was first
reported by Marika Spring in blue and mixed green

areas of eight landscape paintings by Aelbert Cuyp, the
earliest dating from 1640–41.53 Recently  other examples
have emerged, indicating that vivianite, or blue ochre /
earth as it was probably known, was more commonly
used in Dutch seventeenth century painting than had
previously been thought.54 Documentary sources 
mention various synonyms that might have been used
for vivianite: ‘blue ashes’, ‘blew clay earth’, ‘terra de
Harlem’ or ‘Harlems Oltramarin.’55 Its use in the seven-
teenth century is certainly not surprising; it could be
found in peat bog iron ores and sedimentary deposits 
in the Netherlands, Germany and Flanders.56

In Susanna it is present in substantial amounts in both
the thick intermediate foliage layer and in the thin glaze
that covers it (fig.10). The intermediate foliage layer
comprises a complex mixture of pigments; in addition 
to vivianite and chalk (yellow lake), the layer contains
smalt, quartz, and small amounts of earth pigments,
bone black, red lake and vermilion. In this mixture the
very small (1–2 µm), and sometimes larger (up to 10 µm)
angular greyish particles of vivianite are not easy to see,
and consequently may often have been overlooked. They
only became apparent after numerous particles in the
cross-section were analysed with sem–edx demonstrat-
ing the exclusive presence of the elements iron (fe) and
phosphorus (p) (fig. 11).57 edx mapping was also carried
out in order to assess the elemental distribution and
amounts present (fig. 12). From the edx mapping it also
became clear that there is a discrete thin top layer con-
taining vivianite and chalk (from yellow lake), but with
relatively less chalk compared with the layer below,
which can be interpreted as a greenish glaze that has
faded. 

Vivianite is a naturally occurring crystalline mineral 
_ a hydrated iron phosphate (fe3(po4)2–8 h2o) which,
depending on the environment in which it was formed,
is a translucent greenish blue or greyish / blackish blue.
In general the more finely ground the vivianite the
bluer the colour, due to increased surface area for oxida-
tion to take place.58 In its natural unoxidized state
vivianite is a colourless / whitish grey but turns blue
when exposed to air,59 the blue colour resulting from
ferrous (fe2+)– ferric (fe3+) interaction (Intervalence
Charge Transfer (ivct)) under the absorption of light.60

According to Richter the greyish / blackish variety is the
result of being formed in more organic, phosphate-rich
peat-bog ores and clay deposits. A special feature of this
variety is its colour transformation upon exposure to
air.61 The colour deepens with increased exposure to air
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fig. 11 EDX spectrum of vivianite particle in foliage layer of cross-
section 07 (see Table 1) from greyish green foliage.
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and in its fully oxidised state becomes brown / yellow /
orange.62 Alteration of vivianite to a yellow colour has
been observed in medieval wall painting.63 How stable 
it is in the long term is as yet unclear, but certainly one
would not expect the oxidation process to stop com-
pletely once it is incorporated into paint.64 It would also
not be unusual to find a degradation gradient in the
paint layer where the vivianite is more oxidised towards
the surface than deeper down in the layer. Although 
the mineral does not seem to be especially stable, it is
unclear whether it might have played a role in the
degraded appearance of the greyish foliage, especially
since other heavily cracked and blanched areas, such as
Susanna’s hair, do not contain vivianite. In these areas 
it is thought that the presence of a faded yellow lake
might explain their greyish/blanched appearance.

• ‘Schiet-yellow’, evidence of a faded yellow lake 
Indeed, the abundance of chalk in the foliage layer sug-
gested that a yellow lake had been used in combination
with blue vivianite in the greenish foliage (fig. 9 – 10).65
According to historical sources organic yellows became
more common in the seventeenth century in the making
of mixed greens.66 Rembrandt appears to have consis-
tently used yellow lakes. The fact that they are not so
frequently identified 67 must be due to their deterioration,
which makes them difficult to detect visually, especially
in mixtures with other pigments; but also because of 
the breakdown of the organic colouring matter, which
often cannot even be identified by chemical analysis. A
degraded yellow lake was also suspected to be the cause
of the greyed and blanched paint of Susanna’s hair, par-
ticularly the hair that falls through her fingers, though
close study also revealed grey areas along the curve of
her back that prior to the present treatment had been
concealed with brown overpaint. A paint cross-section
confirmed the presence of a yellowish layer consisting 
of large light yellow amorphously shaped particles, 
with the addition of a little smalt and a tiny amount 
of yellow earth (fig. 13). Edx analyses of the yellowish
particles in the cross-section revealed the exclusive 
presence of calcium (from the substrate) and carbon
(from the organic dyestuff component), which together
can be interpreted as a (now faded) yellow lake.68 The
back scatter sem image also suggests that this layer was
further modified with a thin pure yellow lake glaze
(fig. 13 c).

Chalk based yellow lakes, or pinks as they were known in
the seventeenth century, became increasingly common,
despite the fact that they were known to suffer severe

light-induced fading.69 The reason for their instability
seems to be that they are not true lakes prepared by 
precipitation methods, but are adsorbed onto a calcium
salt substrate. This type of complexation makes these
colours even more vulnerable to light-induced fading.70
However, it is considered that the blanched and greyed
appearance of the hair and the aforementioned foliage 
is not due only to the loss of the organic colouring
material from the greyish chalk substrate. As has been
noted by many researchers in the past, the physical
break down of a paint film, leading to cracks and voids
in the surface that scatter light, also contributes to a
blanched appearance. In Susanna evidence for this is 
seen in the light-microscope and back scatter images
where, in samples from both hair and foliage, the paint
surfaces are broken up and full of micro-cracks. It is
plausible to think that the absorption of moisture by
these chalk-rich layers, possibly introduced through
conservation treatments or high relative humidity from
past display / storage conditions, is sufficient to have
caused this disruption of the paint film.71 

• Fading of red lakes 
Rembrandt typically uses red lake in combination with
other pigments rather than as a traditional glaze. In
Susanna red lake is present in many mixtures in various
areas: in the flesh paint, in the undermodelling layer, 
in the warm dark brown mixtures with black depicting
the tree and background foliage and the darkest shadows
of the figure, as well as being mixed with a touch of 
vermillion and lead white in the red cloak.72 Although
the red lake of the cloak has largely maintained its
bright crimson tone with touches of orangey vermilion
and pink (where vermilion and lead white were mixed
with the red lake) some deterioration is evidenced by a
slight greyness in the darkest passages which to some
extent flattens the modelling (fig.14).73 By comparison,
the smoothly applied dull reddish brown of the drapery
on the addition seems to have suffered extreme darken-
ing. This is evident along the edge of the picture where
it is much redder as a result being protected by the
frame rebate. 

Paint cross-sections from the original panel and from
the addition show large differences in the build up, 
pigment morphology and distribution. In the sample
from the shadow area on the original panel, we see typi-
cally a multi-layered build-up (fig. 15). Over the thick
reddish brown undermodelling layer, which in this area
contains a good deal of red lake, three red lake layers
have been applied. The first is a thin pure lake layer,
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fig. 13 Cross-section from Susanna’s hair showing the faded 
yellow lake top layer. Here the surface is physically 
broken up. Normal light (A), UV (B) and SEM image 
showing a detail of the top layer (C).

fig. 15 Cross-section from red cloak on original panel showing a 
multi-layered build up: on top of an initial brown sketch 
a thick warm undermodelling containing a complex mixture of 
pigments was applied. This was followed by three red lake 
layers: a thin layer of pure red lake, then a red lake layer 
containing fine lead white, and a final layer that also contains 
a trace amount of vermilion. Fading of the top layer has 
occurred. Normal light (A), UV (B) and SEM image showing a 
detail of the top layer (C).
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fig. 16 Cross-section from red cloak on addition showing ground, 
a dark underpaint and a single smooth extremely homogenous 
red lake layer that also contains a little bone black and 
vermilion. Normal light (A), UV (B) and SEM image (C).

fig. 18 
Cross-section from white drapery 

on addition showing a less compact lead white layer.
Here the lead white particles are much coarser, and a

small amount of red and yellow earths, bone black,
charcoal black and minium  have been added.Normal

light (A) and SEM image (B).

fig. 17 Cross-section from Rembrandt’s white drapery on original 
showing a thick compact, pure lead white ground. Ground 
layers missing from sample. Normal light (A) and SEM 
image (B).
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probably used for an initial sketch, followed by a thicker
layer consisting of large globular particles of red lake
(up to 20 µm) and very fine lead white, modified by the
top layer that also contains a very small amount of 
vermilion. Fading is seen at the surface of the upper-
most red layer, while in the bottom of the layer and in
the layer below, the brilliant colour survives. By com-
parison, in a cross-section of a sample from along the
right edge of the addition, where it has not discoloured,
we see a single homogenous layer of extremely fine red
lake particles (about 1 µm) mixed with tiny amounts 
of bone black and vermilion (fig. 16). Only in the back 
scatter sem image can the fine splintery red lake particles
(a result of being finely ground) be distinguished
(fig. 16c). 

The organic dyestuffs in both red lakes were identified
by Wouters as containing carminic acid, the main com-
ponent of insect red dyes.74 /75 Unfortunately it was not
possible to quantify other components so as to identify
the exact species of cochineal in these samples, but 
considering historical and geographical context both
samples are likely to be Mexican cochineal (Dactylopius
coccus). In the seventeenth and eighteenth centuries
Mexican Cochineal was a widely used source for the
preparation of red glazes.76 The substrate, the material
onto which the organic dyestuff was usually precipitated
by the addition of an alkali, was found to be aluminium-
based. Aluminium hydroxide is the most commonly
found substrate in red lakes. Analyses with sem-edx of
Rembrandt’s red lake layers indicate the presence of the
elements al, s, k and ca. The ca suggests that a calcium
salt, such as calcium carbonate or calcium sulphate, 
was added in addition to a potassium salt, where the
excess would act as an extender.77 The substrate on 
the addition appears to be similar, as suggested by the
detection of the elements al, s and k as well as a little
ca; here, however, the calcium could come from the
bone black in this layer. We can therefore conclude that,
although the red lakes on the original and on the added
strip are chemically very similar, they look different and
are used in very different ways. 

• Pastose lead white paint
The lead white passages of the original part of the 
painting were also compared with that of the addition.
In contrast to the degraded and discoloured sky and
foliage, the lead white areas on the original part, namely
the flesh paint and Susanna’s white shirt, are in almost
perfect condition. Here Rembrandt has maximised the
good standing properties of lead white, building up the

short buttery paint into almost a sculptured mass. In
contrast, the paint on the addition is smooth, as well 
as being warmer and greyer (fig. 14).

Samples from both areas were embedded as cross 
sections to compare the build up and composition of 
the layers (figs. 17 – 18). An electron back scattered sem
image of a cross-section from a white highlight of the
shirt in the original part of the panel shows a thick,
compact, pure lead white layer showing coarse and fine
particles (fig. 17b). Here the lead white has not been
adulterated with chalk (lootwit), the cheaper quality 
of lead white available in the seventeenth century, 
but instead the pure schulpwit has been used.78 Only a
few very minor contaminations of red lake and bone
black (from the palette or surrounding paint) could be 
identified. Since Groen established that the particle size
distribution of lead white is what largely determines 
the rheology of the paint, the combination of coarse
with very fine particles observed here must be held
responsible to a large extent for the good standing qual-
ities of the impasto in this painting.79 Dtms analysis
indicated the binding medium is linseed oil (p/s = 2)
with a low oil content, corresponding with the dense
appearance in the sem image. There was also no indica-
tion for the addition of protein.80

The back scatter sem image of the white paint from the
added strip gives a rather different picture (fig.18b). In
contrast, here the lead white is less compact, less finely
ground, containing much coarser lead white particles
than Rembrandt’s paint. But here too it is not adulterated
with chalk, though additional pigments were found to
have been added  (a little yellow and red earth pigment
(edx: si, al, fe), bone black (edx: ca, p, mg), charcoal 
and minium (edx: pb)). The dtms analysis shows it is
linseed oil (p/s = 2) with a higher organic content than
that of the original.81 The mineral composition of lead
whites can sometimes vary, but xrd analyses gave the
same composition in both cases.82 /83

With the idea that origin determination could provide
essential information about the date of the addition,
minute samples of lead white, from the drapery on the
original panel and from where it was extended onto 
the strip, were subjected to lead isotope analysis.84 The 
element lead (pb) occurs in nature as a combination 
of four stable isotopes 208pb, 207pb, 206pb and 204pb, and,
depending on the geological conditions in which lead
ore is formed, these isotopes occur in different concen-
trations. Thus the ratio of these lead isotopes can be
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indicative for its origin, enabling us to discover where
the lead ore was mined (presuming there is only one
source of lead in the samples). Samples from the original
part of the picture and that of the strip show ratios that
correlate with isotopic data of known lead ores mined 
in England in the seventeenth century (see Table 2).85
While both samples have related isotopic compositions,
they are not identical (fig. 19), meaning that both lead
samples stem from England but not from the same
mine.86 Since at that time lead ore mining was limited
to a few places, the present data suggests that the lead
from the lead white on the strip has a seventeenth cen-
tury origin, since in the eighteenth century the possible
ratios vary more due to mines opening up throughout
Europe. Of course, it is still possible that the strip was
added in the eighteenth century using a lead white
made in the seventeenth century.

3. Original dimensions _ a reconstruction

Although we could establish that the picture originally
had an arched-top composition, the question as to the
panel’s original dimensions remains unanswered. While
the left edge is intact, since here the ground goes over
the edge, and possibly the bottom edge as well, we now
know that the top edge was trimmed, though probably
not by more than 1 cm if we presume that the arch 
was originally complete.87 But how wide was the panel 
originally? How much disappeared at the right before

the new piece was added? If we can assume that the arch
was in the middle of the panel we can deduce that about
1 to 2 cm have been trimmed from the right side. This
agrees with the difference in the depth of bevelling
between the left and right edges observable on the back
of the panel. At the right (as seen from the back) the
irregular bevelling ranges between 2 and 4.5 cm, while
at the left, where the original panel was reduced, the
bevelling is only about 1.5 cm at the deepest point. As
the addition is about 4 cm wide, this means that the
painting is now at least two centimetres wider than it
originally was. 

Since Rembrandt would have bought his panels from a
joiner who probably had a large range of standard sizes,
it is not surprising that the proposed original dimen-
sions of approximately 48 x 36 cm, as well as the present
dimensions of 47.4 x 38.6 cm, fit into a group of standard-
size panels identified as groot stooters.88/89 Van de Wetering
proposes that small variations probably existed within
each group of standard sizes, which could have been
dealt with by adapting the width of the rebates of the
corresponding standard-sized frames with strips of
wood.90 Research into original proportions by Bruyn
(1979), Miedema (1981) 91 as well as observations by
Martin Bijl, however, suggest that specific height:width
ratios were in use in the seventeenth century, which
would make it possible, if one dimension were known,
to exactly calculate the other. As at the present time
there seems to be no consensus as to which height:width
ratio was in use _ if indeed one was _ it is not possible
to calculate dimensions. The fact that panels shrink
slightly in one direction (across the grain) and hardly 
at all in the other must also be taken into account.92
The proposed original dimensions of 48 x 36 cm for
Susanna are based on physical evidence in the panel 
itself and fall into the height:width ratio of 4/3 (1.33 : 1).

A logical subsequent step in the treatment of the 
picture would be to make a new frame for the painting
that would cover two centimetres of the addition and
the upper corners, returning it more closely to its origi-
nal format. For the time being, this change is merely
being simulated on the computer, as part of the decision 
making process (fig. 20).

fig. 19 Ratios of lead isotopes 207Pb /204Pb plotted against 206Pb/ 
204Pb. Rembrandt’s lead white from Susanna is sample 147-
2D and the lead white from the addition, 147-2E. Samples 
626-G and 626-G2 are lead white from a Rembrandt studio 
painting, from c.1630 and samples 251-41 and 251-42 from 
a Rubens’ painting from the 1620s.
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4. Conclusion

Analyses have been clearly able to establish that when the
addition was made to the right side the upper corners
were also filled in. This is demonstrated by the fact that
the brown paint in the upper right corner of the origi-
nal panel is chemically identical with the brown paint
on the addition. It is also significant that the underlying
grey paint in the upper right corner of the original part
of the panel is also both optically and chemically identical
with the ground layer on the added strip. In the upper
left corner, comparison of the paint covering the black
spandrel with that of the original sky revealed a different
pigment composition and distribution. While this in
itself is not proof that the upper left corner was over-
painted it is reasonable to assume that this corner was
filled in at the same time as the upper right. Exactly
when the addition of the strip and the overpainting of
the corners took place, we cannot say. The addition of
pine resin in the ground and the brown paint on the
addition tend to point to the eighteenth century. This is
also suggested by the strikingly coarse texture of the
brown paint. We know it must have taken place before
1758; but nothing is known about earlier restorations,
which might have provided clues as to when this
occurred. The reason for the addition was almost cer-
tainly the woodworm damage that had occurred along
the right edge of the panel. Why the corners were also
overpainted may have been simply because it was easier
to disguise the join if the same paint extended over the
upper right corner of the original panel. 

Chemical analyses established that Rembrandt’s smalt
was originally bluer, from which we can conclude that
the sky was originally blue-grey and not the present
brown-grey. The degradation observed in Rembrandt’s
sky was found to be a result of the use of an unstable
smalt and its combination with Rembrandt’s choice of
pigments. The fact that degraded smalt paints occur in
many artists’ work of the seventeenth century seems 
to suggest that unstable varieties were manufactured, 
from which _ depending on the amount of buffering
conferred by the paint mixture _ potassium leached 
out over time into the surrounding paint medium. The
discovery of the use of the greyish-blue earth pigment
vivianite in the mixed green grey of the foliage is signif-
icant because not only has this pigment never before
been identified in pictures by Rembrandt, it is the earliest
use of vivianite in seventeenth century easel painting. 
As it could also be established that this blue was mixed
with a chalk-based yellow lake that has largely faded

fig. 20 Computer reconstruction showing painting with its proposed 
original format in an arched-top frame.

fig. 14 Detail of red cloak and white drapery, showing original and 
later additions.
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indicates the foliage was
originally greener. A
degraded yellow lake was
also demonstrated in the
badly cracked and greyed
hair of the figure of
Susanna, which must once
have appeared golden. In
these areas, the deteriora-
tion is due to the physical
breakdown of the paint in
combination with loss of
the organic colouring mat-
ter. Although there is no
doubt that discoloration
has occurred, it is still like-
ly that originally these
colours were rather sub-
dued. In the sky there is
only a trace of lead white
and very little bone black;
therefore, while it was
originally blue, it was cer-
tainly intended to be dark.
Similarly in the foliage, the
choice of greyish vivianite
was a conscious one, so the
desired effect must have
been a dull green.
Regardless of how subtle
these colours might once
have been, colour changes
have important conse-
quences for understanding
the original appearance of
the picture. Certainly
stronger colours would
have provided greater con-
trast with the upper right
background and fore-
ground, areas which
because of their stable 
pigment composition must
always have been mono-
chromatic.93 Perhaps we can
now better understand Sir
Joshua Reynolds’ reaction
when he saw the picture in
The Hague in 1781, when
he spoke of: […] ‘the colour-
ing and effect, in which it

must be acknowledged he
[Rembrandt] has attained
the highest degree of excel-
lence’.94
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