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INTRODUCTION TO PART 2 

 
 
 
 
The experiments carried out in this research explored the conditions under and the extent to 
which reconstructed ground layers on linen canvas changed colour after wax-resin impregnation. 
The ground compositions under investigation corresponded to those found in samples taken 
from historical paintings, including those chosen for technical study as part of this thesis. 
However, it should be noted that the full range of pigments found in samples was not always 
accurately reproduced due to the need to limit variables that would challenge the identification of 
factors influential upon colour change. To mitigate this, experiments used ground recipes with 
fixed pigment ratios and mixtures and also reduced the number of components. This 
simplification was useful for the identification of the most influential factors.  
The first experiment investigated the influence of the pigment type and binding medium. For 
this purpose, the reconstructed grounds contained a single pigment type bound in either linseed 
oil or animal glue. The second experiment examined the influence of the proportion of chalk on 
the colour change of reconstructed oil-bound grounds containing yellow iron oxide and / or raw 
umber. Other chalk containing grounds were composed of lead white with and without raw 
umber. A third set of reconstructions examined the colour change of different types of quartz 
containing ground. This experiment focused on investigating the influence of the clay:quartz 
ratio, and the influence of the addition of yellow iron oxide on the colour change. The visual 
assessment of each reconstruction before and after wax-resin impregnation was completed 
alongside colour measurements that helped to minimize subjectivity.  
Previous experiments, including preliminary tests presented in this thesis, revealed that linen 
canvas darkened dramatically after wax-resin impregnation (see chap. 3.3.3).i The degree to 
which the ground layers on top obliterated this darkening was, therefore, an essential parameter 
for potential colour difference seen on the surface. It was assumed that optical changes are 
influenced by the composition and thickness of the ground layers and the extent to which they 
obliterate the darkening of the canvas support. Consequently, the hiding power or covering 
power of the grounds under investigation was considered a key factor for the optical darkening 
of the surface of the reconstructions and was examined in relation to both ground composition 
and thickness using spectrometry techniques on opacity charts that provide standardized black 
and white backgrounds. Results from the hiding power study were used to support the 
interpretation of the colour measurements obtained from reconstructions, which frequently, 
though not systematically, included ground applications in different thicknesses. Finding the 
correspondence between the two series of results however was not straightforward, as colour 
differences recorded from ground samples on opacity charts were often larger than on the 
canvas support. The strong tonal contrast of the black and white backgrounds compared to the 

                                                 
i Gustav Berger “Some Effects of Impregnating Adhesives on Paint Films” in Lining Paintings: Papers from the Greenwich conference on 
comparative lining techniques 1974 (London: Archetype Publications, 2003), 125-135 



Experimental results 

228 
 

grey tones of the canvas before and after impregnation was assumed to enhance colour 
differences on opacity charts. Further, variation in ground layer thicknesses was also anticipated 
to be influential upon the inconsistent results of colour measurements depending on the type of 
background. It was presumed that the layer thickness of grounds on opacity charts was nearly 
similar to that of the drawdown bar gap size used for application, while the ground layer 
thickness of the reconstructions was very uneven due to the inherent irregularities of the canvas 
support (see chapter 1.2.2). The discussion that correlates the two series of samples took into 
account the impact of these discrepancies for the results of colour measurements. 
The following chapters discuss the results of the visual examination and colour measurements of 
each reconstruction set, while chapter 8 presents the results of the hiding power study. Each 
chapter includes a description of the experimental methods used and an interpretation of the 
colour measurements. Chapter 9 consists of a discussion that compares colour measurements 
from the paintings selected for this study with the results from the measurements of the 
reconstructions.  
Unless otherwise stated, all photographs of reconstructions in this part of the thesis are by 
Jérôme Schlomoff. The microscope images are by the author. 
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Chapter 5 

 
COLOUR CHANGE IN ONE PIGMENT TYPE CONTAINING 

GROUND RECONSTRUCTIONS AFTER WAX-RESIN 
IMPREGNATION  

 
 
5.1 Experimental  
 
5.1.1 Composition and making process of the reconstructions 
 
Fourteen reconstructions, each composed of one ground layer on canvas, were produced for this 
experiment. The pigments used were: natural chalk, red iron oxide, yellow iron oxide, tile red, 
raw umber, ball clay, Maas river clay, charcoal black and stack processed lead white. Pigment 
volume concentration was adapted for each composition in order to produce a consistency 
suitable for application with a palette knife. The amount of binding medium required was 
measured in millilitres with a pipette Pasteur during preparation. Resulting recipes are 
documented in table 1.  
 
Table 1 Recipes for the one pigment type containing grounds examined in this study 
  

Ground reference Pigment type Quantity of pigment Quantity of medium 

Linseed oil Glue 

Ch-oil Chalk 5 g 1.6 ml - 

YO-oil Yellow iron oxide 5 g 3 ml - 

RU-oil Raw umber 5 g 4.4 ml - 

RO-oil Red iron oxide 5 g 3.5 ml - 

RT-oil Tile red 5 g 2 ml - 

Bl-oil Charcoal black 5 g 5 ml - 

Clb-oil Ball clay 5 g 4.6 ml - 

Clm-oil Maas clay 5 g 3 ml - 

LW-oil Lead white 5 g 1 ml - 

Ch-glue Chalk 5 g - 2.5 ml 

YO-glue Yellow iron oxide 5 g - 5 ml 

RU-glue Raw umber 5 g - 5.5 ml 

RO-glue Red iron oxide 5 g - 4.4 ml 

RT-glue Tile red 5 g - 3.75 ml 

Bl-glue Charcoal black 5 g - 5 ml 

 
Pigment and medium were mixed by hand using a palette knife and then a glass muller on a glass 
plate. Once the paste reached a smooth consistency, it was applied onto linen canvas previously 
stretched with ropes onto a wooden strainer and sized with 10% gelled animal glue in water. 
Each ground was applied in parallel strips of approximatively 50 x 4 cm (fig. 1) in zones marked 
out with lines of graphite. The application of ground layers was completed using a palette knife, 
with the aim of creating an even and relatively thin layer that still covered the canvas weave. With 
the exception of grounds consisting of natural chalk and ball clay in linseed oil (which received a 
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second application locally at both extremities of the strips) all ground recipes were applied as one 
single layer.  
The reconstructions composed of oil bound ground layers were left to dry for a minimum of 
sixteen months before wax-resin impregnation. An exception was the ground composed of Maas 
river clay that was only four months old. Reconstructions composed of animal glue were all aged 
for twenty-nine months, with the exception of the tile red and red iron oxide containing grounds 
that were left for four months before impregnation. 
 

  

Fig. 1 Ground reconstructions composed of one pigment type, before wax-resin impregnation.  
Left, oil bound grounds containing (from left to right) lead white, chalk, ball clay, Maas river clay, tile red, red iron 

oxide, yellow iron oxide, raw umber, and charcoal black; right, animal glue bound grounds containing (from left to right) 
chalk, tile red, red iron oxide, yellow iron oxide, raw umber, and charcoal black. 

 
5.1.2 Wax-resin impregnation of the reconstructions: procedure and visual observations 
 
The procedure used for the impregnation of reconstructions followed the one described in 
chapter 2.3. During impregnation of the glue bound grounds the adhesive unevenly stained the 
absorbent tissue placed between the table and recto of the reconstructions, indicating that it had 
penetrated through the ground layer. This did not occur for the oil bound reconstructions, in 
which the wax-resin stained only areas that corresponded to the bare canvas between each stripe 
of ground. This suggested a poor or non-absorbance of the oil ground layers, while those 
composed of animal glue were absorbent enough to allow the melted adhesive to pass through 
the materials to the upper surface. Raking light examination post impregnation also revealed that 
the oil bound layers made with charcoal black and raw umber developed little shiny spots over 
the surface, possibly caused by a combination of heat and pressure during impregnation (fig. 2). 
Grounds composed of Maas river clay, tile red, and red iron oxide in animal glue did not reveal 
any specific changes, despite undergoing impregnation after significantly less aging than others in 
the series. Furthermore, no features that would be hypothetically attributable to their young age, 
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such as imprint or deformation, were noted. Photographs of the reconstructions after 
impregnation can be found in appendix B.1.1. 
 

 

Fig. 2 Detail of the ground reconstruction composed of charcoal black in linseed oil (Bl-oil), 10 x 3 cm.  
After wax-resin impregnation, as seen on the photograph, shiny spots appeared on the surface of the ground. 

 
5.1.3 Physical characteristics of the ground observed after natural ageing and before wax-resin  
impregnation; implications for colour measurements 
 
Influence of the binding medium on the appearance of the grounds 
 
After ageing almost all oil bound ground layers appeared darker and shinier when compared to 
those with the same pigment bound in animal glue. This visual observation was supported by 
comparative colour measurements of both ground series that, in general, recorded a total colour 
difference superior to 10 ∆E* units (raw data of colour measurements can be found in appendix 
B.2.1). The only exception to this optical effect was the ground prepared with charcoal black.  
 
Evenness of the ground applications 
 
The ground reconstructions composed of lead white in linseed oil and chalk in animal glue had 
an uneven appearance due to the canvas weave being locally visible in the form of dark spots 
(fig. 3 left). Canvas weave was also observed on the surface of the oil ground composed of Maas 
river clay though in these samples the canvas areas were light coloured. Microscopic examination 
of cross-sections from samples of the lead white reconstruction in an area of visible canvas, 
showed that the ground layer could be as thin as 13 microns, while a maximum thickness of 228 
microns of ground was present over the hollows of the weave (fig. 3 right). This unevenness was 
taken into account by carrying out colour measurements on areas of the grounds composed of 
chalk and lead white that fully obscured the canvas weave (LW-oil and Ch-glue), and areas where the 
canvas weave was visible (LW-oil-thin and Ch-glue-thin).  
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Fig. 3 Ground reconstruction composed of lead white in linseed oil (LW-oil), before wax-resin impregnation.  
Left, detail, ca. 12 x 4 cm, that shows the canvas weave visible locally through the ground due to the uneven 

thickness of the ground; right, cross-section (microphotograph in bright field) including canvas support and ground 
layer. Measurements on the cross-section show that in areas where the ground was thinly applied the layer 

measures 13 to 228 μm depending on the texture of the canvas support.  

 
The oil grounds consisting of ball clay, tile red, and chalk were found locally to have a poor 
hiding power as occasionally the underlying graphite lines were visible. The variants degrees in 
which the lines were visible through the ground layer indicated the uneven thickness of these 
ground applications (fig. 4). 
 

Fig. 4 Details, ca. 15 x 5 cm, of reconstructions with the oil-bound grounds composed of chalk (left), tile red (middle), 
and ball clay (right) (Ch-oil, RT-oil and Clb-oil respectively), before wax-resin impregnation.  

In each case the underlying graphite line is visible through the ground (grey arrows). 

 
The influence of layer thickness on the colour change of the oil-bound ground composed of ball 
clay was considered by carrying out colour measurements from both the single (Clb-oil-thin), and 
the double layer applications (Clb-oil). The microscopic examination of cross-sections of samples 
taken from both areas showed that the ground layer was indeed thicker where the ground was 
applied in two layers, with an average thickness of 150 microns. By comparison the single-layer 
ground was an average of 78.5 microns thick (fig. 5).  
 

Fig. 5 cross-sections (microphotograph in bright field) from the ground reconstruction composed of ball clay (Clb-
oil), after wax-resin impregnation. The two samples include canvas support and ground layer. The layer thickness of 
the ground used in one single application (left) measures 34-123 μm and the ground used in double application (right) 

is 83-217 μm thick.  
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Finally, the chalk-containing oil-bound ground exhibited an uneven colour that shifted between 
dark and light areas (fig. 6). Although a raking light examination of the surface topography 
indicated that the colour shifts were due to ground thickness (the lightest zones were also the 
thickest), the cause of this phenomenon was not fully clarified. Because the dark areas were the 
most representative of the overall appearance of the ground, colour measurements were carried 
out in there rather than on the lighter impastos.  
 

 
Fig. 6 Ground reconstruction composed of chalk in linseed oil (Ch-oil), before wax-resin impregnation.  

The detail, ca. 20 x 5 cm, shows shifts between dark and light areas (grey arrow) visible on the surface of the ground. 

 
Other physical characteristics 
 
After drying, the glue-bound grounds containing yellow iron oxide and raw umber developed a 
fine network of cracks (fig. 7). This is an indication of the stress that occurred in the paint film 
during drying and therefore also an indication of how poorly bound the ground is.  
 

 

Fig. 7 Ground reconstruction composed of raw umber in animal glue (RU-glue), before wax-resin impregnation.  
The detail, ca. 13 x 4 cm, shows the fine network of cracks that appeared after drying. 

 
A physical phenomenon observed was that the sized canvas at the edges of the oil grounds 
composed of lead white and chalk was stained with oil medium. This implies that some oil 
initially present in the ground was leached into the canvas, thus leaving an unknown proportion 
of medium behind. This change from the initial Pigment Volume Concentration hypothetically 
affected the porosity and degree of absorbency of the sample, and therefore had possible 
implications for the colour change of such grounds after impregnation. 
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5.1.3 Colour measurements of the reconstructions 
 
Colour measurements followed the procedure described in chapter 4 of this thesis. Where 
possible, the same areas were measured before and after wax-resin application, with exceptions 
made for the two lead white grounds, which revealed irregularities after impregnation, and 
therefore required the use of the non-impregnated areas in order to obtain initial data. Due to 
the uniform colour of the ground layers, however, this modification was not considered to have 
implications for the accuracy of the results.  
A summary of the colour data and visual approximations of colour changes, through the 
conversion of the L*a*b* coordinates into RGB values, are provided per reconstruction in tables 
2 and 3 in the main body of the text. Complete data sets for the colour measurements and colour 
differences can be found in appendix B.2.1. Tables that summarise the results are in appendix 
B.2.8. 
 
5.2 Results and discussion   
 
5.2.1 Oil-bound grounds consisting of one pigment type 
 
Comparative colour measurements of eight different reconstructions of oil-bound grounds 
consisting of one pigment type showed that only a few underwent a colour change following 
wax-resin impregnation. The most noticeable were the reconstructions composed of chalk and 
ball clay in oil as ∆E* = 5.4 and 3.26, with a change in lightness of -3.20 and -0.46 ∆L* units and 
a hue change predominantly towards blue (∆b*= -4.49 and -3.12), implying that the grounds 
became darker and less yellow. The ball clay containing ground changed more markedly when 
thinly applied, in which case ∆E* = 4.72, with a darkening of -3.73 ∆L* units and a change in 
hue toward blue and green in similar magnitudes, with ∆b* = -2.60 and ∆a* = -1.27. For the 
chalk and ball clay-containing reconstructions, visual observation found that in both cases the 
increased visibility of the canvas weave providing an “abraded look” which was especially 
noticeable in the chalk-containing reconstruction (fig. 8). Furthermore, the decreased visibility of 
the graphite under-drawing was also observed in both cases (figs. 8 and 9).  
 

  

Fig. 8 Ground reconstruction composed of chalk in linseed oil (Ch-oil). Same detail, ca. 9 x 5 cm, before (left) and 
after (right) wax-resin impregnation. The photographs show that the canvas weave became visible after impregnation 

while the visibility of the underdrawn line became less pronounced. 
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Fig. 9 Ground reconstruction composed of ball clay in linseed oil (Clb-oil). Same detail, ca. 10 x 5 cm, before (left) 
and after (right) wax-resin impregnation. The photographs show that the canvas weave became visible after 

impregnation while the visibility of the underdrawn line became less pronounced. 

 
Comparison of the reconstruction composed of lead white in oil before and after wax-resin 
impregnation showed that the ground only slightly changed colour in areas where it was thinly 
applied, by ∆E* = 1.5 with a darkening of -1.2 ∆L* units and a change in hue predominantly 
toward the blue (∆b* = -0.91), indicating a decreased yellowness. No measurable difference in 
colour was recorded where the layer fully obscured the canvas weave. In thin areas the canvas 
weave became even more visible due to an increased contrast between the darkened substrate 
and the white ground layer, thus increasing the “abraded look” of these areas of the 
reconstruction.  
Comparative colour measurements of the reconstructions composed of charcoal black and Maas 
river clay in oil changed only slightly after impregnation, by ∆E* = 1.34 for both of them. For 
the reconstructions composed of Maas river clay, visual observation found that the visibility of 
the canvas weave decreased after impregnation due to the reduced contrast of the ground with 
the support and the black containing reconstruction presented stains at the surface.  
The reconstructions composed of tile red, yellow iron oxide, raw umber, and red iron oxide did 
not change colour perceptibly after wax-resin impregnation. Table 2 presents a summary of these 
colour measurements, also providing visual approximations of colour changes through the 
conversion of the L*a*b* coordinates into RGB values. 
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Table 2 Colour data of the oil-bound ground reconstructions composed of one pigment type before and after wax-
resin impregnation. 
 
Reference and state Colour 

measurements 
data 

RGB 
values 

Colour field according to RGB values ∆E* 

 
 
LW-oil before impregnation 

L*: 91.72 
a*: -1.26 
b*: 8.98 

R: 234 
G: 232 
B: 214 

 

0.47 LW-oil after impregnation L*: 91.61  
a*: -1.44 
b*: 8.57 

R: 233 
G: 231 
B: 214 

 

     
 
 
LW-oil-thin before 
impregnation 

L*: 89.3 
a*: -1.4 
b*: 6.78 

R: 226 
G: 225 
B: 211 

 

1.5 
LW-oil-thin after impregnation L*: 88.1 

a*: -1.45 
b*: 5.87 

R: 222 
G: 222 
B: 210 

 

     
 
 
Ch-oil before impregnation 

L*: 68.59 
a*: 2.15 
b*: 22.02 

R: 182 
G: 165 
B: 127 

 

5.40 Ch-oil after impregnation L*: 64.88 
a*: 1.31 
b*: 16.82 

R: 169 
G: 156 
B: 127 

 

     
 
 
Clb-oil before impregnation 

L*: 56.03 
a*: 5.22 
b*: 25.77 

R: 154 
G: 130 
B: 89 

 

3.26 Clb-oil after impregnation L*: 55.57 
a*: 4.39 
b*: 22.65 

R: 151 
G: 130 
B: 94 

 

     
 
Clb-oil-thin before 
impregnation 

L*: 57.44 
a*: 4.87 
b*: 22.87 

R: 157 
G: 134 
B: 98 

 

4,72 Clb-oil-thin after impregnation L*: 53.71 
a*: 3.60 
b*: 20.26 

R: 144 
G: 126 
B: 93 

 

     
 
 
Clm-oil before impregnation 

L*: 33.43 
a*: 5.30 
b*: 9.22 

R: 91 
G: 75 
B: 64 

 

1.34 Clm-oil after impregnation L*: 33.87 
a*: 4.45 
b*: 8.29 

R: 90 
G: 77 
B: 67 

 

     
 
 
YO-oil before impregnation 

L*: 51.05 
a*: 17.84 
b*: 33.95 

R: 162 
G: 109 
B: 63 

 

0.53 YO-oil after impregnation L*: 50.68 
a*: 17.55 
b*: 33.71 

R: 160 
G: 109 
B: 63 
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RT-oil before impregnation 

L*: 38.97 
a*: 21.06 
b*: 20.71 

R: 130 
G: 78 
B: 59 

 

1.06 RT-oil after impregnation 
 

L*: 38.85 
a*: 20.29 
b*: 19.99 

R: 128 
G: 78 
B: 60 

  

      
 
 
RO-oil before impregnation 

L*: 36.00 
a*: 21.37 
b*: 16.6 

R: 121 
G: 72 
B: 59 

  

0.43 RO-oil after impregnation L*: 36.06 
a*: 21.03 
b*: 16.32 

R: 121 
G: 71 
B: 60 

  

      
 
 
RU-oil before impregnation 

L*: 27.98 
a*: 2.38 
b*: 3.64 

R: 71 
G: 65 
B: 60 

  

0.52 RU-oil after impregnation L*: 27.46 
a*: 2.35 
b*: 3.62 

R: 70 
G: 64 
B: 59 

  

     
 
 
Bl-oil before impregnation 

L*: 19.54 
a*: 0.4 
b*: 0.82 

R: 48 
G: 47 
B: 46 

 

1.34 Bl-oil after impregnation L*: 20.50 
a*: 0.23 
b*: -0.09 

R: 50 
G: 49 
B: 50 

 

 
Since the wax-resin adhesive had not passed through the oil-bound ground layers, it was 
assumed that colour change was caused by the darkened canvas underneath rather than a 
physical change within the ground itself. This hypothesis was supported by the hiding power 
study (see chapter 8.2.1), which showed that the covering ability of certain grounds, for example 
the chalk and ball clay-containing ground reconstructions, was very to extremely poor. The same 
study also found that layer thickness affected the degree of hiding power of the ground 
composed of ball clay, which reflected at the colour measurements of the ground 
reconstructions on canvas support with a colour change less pronounced when the layer was 
thickly applied (∆E* = 3.26) than when it was thinly applied (∆E* = 4.72). Measurements taken 
from cross-sections of the reconstruction showed that the average layer thickness of the ground 
doubled according to the number of applications (fig. 5 right). The cross-section showed also that 
the layer thickness varied significantly according to the texture of the canvas. In areas where the 
ground was thinly applied the layer measured was as thin as 34 microns on top of the canvas 
weave, while in the deepest parts the ground was 123 microns thick. It was therefore assumed 
that the “abraded look” observed in the reconstructions was to be caused by differences in 
hiding power as a function of layer thickness, as well as an increased contrast between the colour 
of the grounds and the canvas support. In addition, the very poor hiding power of the ball clay-
containing ground, when thickly applied, explained why the abraded effect was less striking 
visually in that reconstruction. 
Hiding power was also assumed to be the cause for colour change in the reconstruction 
consisting of lead white in oil, as it was found to have a covering power ranging from poor to 
very poor depending on layer thickness. The significant shift in degree of hiding as a function of 
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layer thickness as measured on opacity charts corresponded only to a certain extend with the 
colour measurements of the reconstruction on canvas support as the thinly applied ground 
changed colour slightly (∆E* = 1.5) while when the layer fully obscured the canvas weave no 
measurable difference in colour was found. A cross-section taken in an area where the ground 
was thinly applied revealed the average layer thickness to be ca. 120 microns (fig. 3 right), a 
measurement that corresponded to the thickness range tested on opacity charts on which was 
found the poor hiding power of the ground. Although no cross-section was taken from a thicker 
area it is likely that the ground layer average thickness was beyond 200 microns, a measurement 
corresponding to the thickness range at which the ground was found to be better hiding, thus 
explaining why no colour difference was recorded. Interestingly, significant shifts in degree of 
hiding of the ground as a function of layer thickness, along with the tonal contrast the ground 
with the support, were found to be responsible for the increased “abraded look” observed after 
wax-resin impregnation. 
The reconstruction with the ground composed of Maas river clay in oil changed only slightly 
(∆E* = 1.36) after impregnation, despite its very to extremely poor hiding power. Since the 
hiding power study was carried out on sealed opacity charts, it was therefore assumed that the 
ground increased hiding when used on the absorbent canvas explaining why the colour 
measurements of the reconstruction recorded only a slight colour change.  
The total colour difference measured on the reconstruction containing tile red was very small 
with ∆E* = 1.06. Although the hiding power study revealed that the hiding power of the ground 
was poor when it was applied thinly, the influence of this parameter was excluded for explaining 
the small colour change measured since this result fell within the standard deviation calculated 
for this study (see chapter 4). It was therefore assumed that the texture of the ground surface 
influenced the colour difference measured. Further, since cross-section measurements indicated 
that the ground had an average thickness of 130 microns (fig. 10), it was likely that the ground of 
the reconstruction was opaque, and therefore unaltered by the canvas colour. A similar 
phenomenon occurred for the reconstruction composed of charcoal black which, despite being 
opaque at both thicknesses tested, underwent a slight colour change following wax-resin 
impregnation (1.34 ∆E* units). This was thought to be due to spots that formed on the surface 
rather than the colour change of the canvas weave underneath.  
 

 
Fig. 10 Cross-section (microphotograph in bright field) from the ground reconstruction composed of tile red in 

linseed oil (RT-oil), after wax-resin impregnation. The sample includes canvas support and ground layer. The layer 
thickness of the ground, 34 to 303 μm, varies according to the texture of the canvas support. 
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Lastly, the hiding power study showed that the grounds composed of yellow iron oxide, raw 
umber, and red iron oxide were opaque at both thicknesses tested explaining why no colour 
difference was measured on the reconstructions following wax-resin impregnation.  
 
5.2.2 Glue-bound grounds consisting of one pigment type 
 
Visual assessment of the seven reconstructions bound in animal glue revealed that all underwent 
significant colour change following wax-resin impregnation. Comparative colour measurements 
of the reconstructions before and after treatment recorded a total colour difference greater than 
13 ∆E* units, with a change in lightness higher than -6 ∆L* units. One exception to was the 
reconstruction composed of charcoal black, which changed by only 2.55 ∆E* units. In most 
cases, colour differences recorded a decrease of the a* and b* values indicating that the colour of 
the grounds became cooler. The magnitude of change in the b* value was in each case 
predominant compare with the a*. The chalk-containing ground changed the most, by ∆E* = 
19.89 with a darkening of -18.69 ∆L* units. This reconstruction behaved differently from others 
in the series with a change in the b* value of 6.77 units and of 0.55 units in the a* value, 
indicating that the ground became significantly more yellow and slightly more red. When thinly 
applied the same ground changed colour more markedly, by ∆E* = 22.09 with a darkening of -
21.30 ∆L* units and an increase of the b* value of 5.82 ∆b* units while the a* value remained 
similar to the measures of the ground more thickly applied (∆a* = 0.51). For this reconstruction, 
visual observation found an “abraded look” overall the ground surface even in areas where the 
ground had a uniform appearance before impregnation (fig. 11).  
Table 3 presents a summary of these colour measurements, also providing visual approximations 
of colour changes through the conversion of the L*a*b* coordinates into RGB values. 
 

Fig. 11 Ground reconstruction composed of chalk in animal glue (Ch-glue).  
Same detail, ca. 9 x 5 cm, before (left) and after (right) wax-resin impregnation.  

The photographs show that the canvas weave became visible after impregnation. 
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Table 3 Colour data of the reconstructions with glue-bound grounds composed of one pigment type before and 
after wax-resin impregnation. 

 
Reference and state Colour 

measurements 
data 

RGB 
values 

Colour field according to RGB values ∆E* 

 
 
Ch-glue before impregnation 

L*: 90.49 
a*: 0.75 
b*: 5.32 

R: 233 
G: 227 
B: 218 

 

19.89 Ch-glue after impregnation L*: 71.8 
a*: 1.30 
b*: 12.10 

R: 185 
G: 175 
B: 154 

 

     
 
Ch-glue-thin before 
impregnation 

L*: 88.22 
a*: 0.68 
b*: 4.97 

R: 226 
G: 221 
B: 212 

 

22.09 Ch-glue-thin after impregnation L*: 66.91 
a*: 1.19 
b*: 10.79 

R: 171 
G: 162 
B: 143 

 

     
 
 
YO-glue before impregnation 

L*: 64.33 
a*: 17.10 
b*: 42.00 

R: 200 
G:144 
B: 80 

 

12.21 YO-glue after impregnation L*: 53.99 
a*: 17.42 
b*: 36.58 

R: 170 
G: 117 
B: 66 

 

     
 
 
RT-glue before impregnation 

L*: 54.36 
a*: 25.52 
b*: 33.76 

R: 181 
G: 112 
B: 73 

 

18.00 RT-glue after impregnation 
 

L*: 40.19 
a*: 23.19 
b*: 22.90 

R: 136 
G: 80 
B: 56 

 

     
 
 
RO-glue before impregnation 

L*: 42.87 
a*: 27.97 
b*: 25.23 

R: 150 
G: 81 
B: 61 

 

13.02 RO-glue after impregnation L*: 34.11 
a*: 22.01 
b*: 17.66 

R: 117 
G: 66 
B: 53 

 

     
 
 
RU-glue before impregnation 

L*: 32.21 
a*: 6.92 
b*: 15.33 

R: 92 
G: 71 
B: 52 

 

15.01 RU-glue after impregnation L*: 25.80 
a*: 1.20 
b*: 2.89 

R: 64 
G: 60 
B: 57 

 

     
 
 
Bl-glue before impregnation 

L*: 23.63 
a*: 0.4 
b*: 2.00 

R: 58 
G: 56 
B: 53 

 

2.55 Bl-glue after impregnation L*: 23.80 
a*: 0.15 
b*: -0.33 

R: 57 
G: 57 
B: 57 
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For this series of tests, the wax-resin adhesive stained the absorbent paper placed between the 
recto of the reconstructions and the table, indicating that it had penetrated the ground layers. By 
doing so, the wax-resin adhesive filled voids in the layer that were originally created due to 
evaporation of the water content initially present in the binding medium. This process modified 
the characteristics of the surface topography and subsequently influenced the quality of the light 
reflected, resulting in the darkening measured on all the glue-bound grounds. By filling in areas 
of air that originally surrounded pigment particles, the wax-resin also changed the refractive 
indices of the grounds, thus altering their hiding power and further affecting their colour change. 
For detailed information about the fundamentals of optic involved please refer to the general 
introduction of the thesis and appendix 2. 
Hiding power study of this series was able to provide measurements of ground condition before 
wax-resin impregnation.1 However, this data became erroneous post impregnation due to the 
physical change that occurred within the layer on the canvas support. Nonetheless, since wax-
resin has a higher refractive index than air, it was assumed that impregnation resulted in a 
decrease of hiding power of the grounds, which were all found to be opaque when applied 
thickly on opacity charts. For the cases of the grounds composed of chalk and yellow iron oxide, 
which both exhibited poor hiding power when applied thinly, it was presumed that the addition 
of wax-resin would increase this property. A pilot experiment conducted in this study included 
the impregnation with wax-resin of the chalk-containing glue-bound ground layer that was 
applied on opacity charts (the description of the experiment and results are in chapters 8.1.1 and 
8.2.1). Comparative colour measurements of the ground before and after impregnation with 
wax-resin on the black and white backgrounds supported the hypothesis that the impregnation 
decreased the degree of hiding power of the ground at both thicknesses tested. The 
impregnation also increased the difference of hiding power of the ground as a function of 
thickness. This result supports the visual examination of the reconstruction after impregnation 
that observed that the darkening of the ground was more significant in places where the ground 
layer was the thinnest – e.g. on top of the canvas weave - than in the canvas hollows where the 
ground was thicker. It also explains the marked “abraded look” observed in the reconstruction 
after wax-resin impregnation.  
 
5.3 Conclusion 
 
Results of the experiments showed that wax-resin impregnation of the reconstructions altered 
the colour of a range of the grounds. All the glue-bound grounds changed significantly while 
only a few of the oil-bound grounds were measured altered after treatment. In general colour 
measurements showed that the wax-resin impregnation resulted in the darkening of the grounds 
and a change in hue toward blue and green, implying that the colour of the grounds became 
cooler. An exception to this include the ground reconstructions composed of chalk in animal 
glue, which changed predominately to a more yellow hue.  
The experiments showed that the glue-bound grounds composed of one pigment type changed 
colour more dramatically after wax-resin impregnation than the oil-bound grounds. Comparative 
colour measurements revealed that the grounds bound with animal glue excluding the one 

                                                 
1 The ground samples composed of charcoal black in animal glue produced for the hiding power study did not 
provide decisive results and therefore were excluded from the study. 
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composed of charcoal black, changed colour in a range from 12.21 to 19.89 ∆E* units with a 
significant darkening ranging between -7 and -21 ∆L* units, whereas the oil-bound grounds had 
a maximum change of 5.4 ∆E* units. This result highlighted the influence of the kind of binding 
medium to the degree of colour change.  
The kind of pigment was also found to be influential regarding the degree of colour change as 
comparative colour measurements showed that amongst the oil-bound grounds tested, the ones 
composed of either chalk or ball clay were the most modified after wax-resin impregnation, by 
3.26 and 5.4 ∆E* units respectively. Other oil-bound ground compositions did not change, with 
the exceptions of the lead white ground when thinly applied and the Maas river clay ground 
(with ∆E* = 1.5 and 1.34 respectively). 
It was assumed that the difference in degree of colour change depending on the kind of binding 
medium was caused by the different degree of absorbency of the two ground types. This 
hypothesis was supported by practical experiments, which showed that the melted wax-resin 
penetrated the absorbent glue-bound grounds causing a physical change in the ground that 
affected the reflectance of the surface and lessened the hiding power, resulting in a substantially 
darker ground. These two phenomena were assumed to have exacerbated the colour change 
measured in the animal glue-bound grounds compared with the oil-bound grounds into which 
the wax-resin did not penetrate. It was never observed during impregnation of the oil-bound 
grounds that the wax-resin adhesive passed through the reconstructions suggesting the poor to 
non-absorbency of this type. For these reconstructions colour change measured after wax-resin 
impregnation was therefore believed to be caused by the degree to which ground layers obliterate 
the underlying canvas support. This assumption was supported by the hiding power study that 
showed that most of the oil-bound grounds measured as having poor hiding power, underwent 
colour change after treatment. Results also revealed that the ground types containing either chalk 
or ball clay, which changed the most after impregnation, had the poorest hiding power of the 
ground series in linseed oil.  
The reconstructions composed of chalk in animal glue and linseed oil as well as lead white and 
ball clay in linseed oil developed after lining a typical “abraded look”. Conversely, the “abraded 
look” that characterized the initial appearance of the reconstruction composed of Maas river clay 
decreased after impregnation. The hiding power study helped explain the cause of this 
phenomenon since for these specific ground types, colour measurements reported significant 
difference of degree of hiding power as a function of layer thickness. As thickness was to vary 
considerably in the reconstructions due to the inherent irregular texture of the canvas support, 
the colour change of these grounds was uneven. Also key in the process is the tonal-value of the 
ground that contrasted significantly with the darkened support.  
Chalk is very often identified in the technical analysis of ground layers of seventeenth century 
Netherlandish paintings on canvas and clay is one of the main components of the “quartz 
ground” used by Rembrandt in the second part of the seventeenth century. The anticipated 
vulnerability of these types of ground, in regard to colour change after wax-resin impregnation 
supported the second series of experiments in this thesis, which investigated the influence of the 
proportion of chalk in oil grounds in regard to colour change after impregnation. The third series 
investigated the optical properties of various compositions of quartz and clay-containing oil-
bound grounds. Ball clay, rather than Mass river clay, was chosen for the making of Rembrandt’s 
quartz ground because of its simpler composition. Iron oxide pigments will be added to the 
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quartz and clay mixtures, allowing for an accurate study of the implications of this type of 
pigment for the colour of the ground. 
Experiments with grounds composed of water-based media such as animal glue, starch and 
emulsions were not pursued in this research. Colour measurements of the reconstructions 
recorded impressive levels of colour change particularly appealing for further investigation. 
However, the experiments revealed also the broad range of research that these types of ground 
require in order to investigate accurately their behaviour in reaction to wax-resin impregnation. 
Key in the process is the inherent absorbency of grounds bound in aqueous media, which 
requires the use of an isolating layer possibly consisting of linseed oil before oil paint can be 
applied.2 Also crucial is the leaching of oil paint media in the ground. Both factors, neither one 
of which was addressed in the present research, are anticipated to influence the physical 
properties of the grounds including colour and absorbency, requiring research that was beyond 
the scope of the present study. 
 
 
 
 
 
  

                                                 
2 Abbie Vandivere, Reconstructing Intermediate Layers in Early Netherlandish Paintings,” in Artists’ Footsteps: The 
reconstruction of pigments and paintings, Lucy Wrapson, Jenny Rose, Rose Miller and Spike Bucklow eds. (London: 
Archetype Publications, 2013).  
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 Chapter 6 

 
COLOUR CHANGE IN CHALK CONTAINING OIL-BOUND 

GROUND RECONSTRUCTIONS AFTER WAX-RESIN 
IMPREGNATION 

 
Technical studies have shown that chalk is almost always present in grounds from 
seventeenth century Netherlandish canvas paintings.1 The results of the analysis of the 
ground from the paintings examined in this study concur with this, with chalk identified 
in eight out of ten of the ground layers investigated. In these paintings it was shown that 
chalk was rarely used alone, but more commonly it was mixed with pigments including 
natural iron oxide, charcoal black and/or lead white.2 Though quantitative analysis was 
not performed, visual examination of cross-sections using light microscopy revealed 
broad variations in the relative proportions of pigment used in the grounds. For example, 
the proportion of chalk in the paintings of the Oranjezaal is low, while in the paintings of 
the Royal Palace Amsterdam it is relatively high. A high proportion of chalk mixed with 
a minimal addition of lead white was also found in the preparatory layers of canvas 
paintings by Ferdinand Bol (1616-1680) in the paintings of the Peace Palace in The 
Hague, 1651-1661. Van Eikema Hommes suggested that chalk was preferred for reasons 
of economy and because it reduced the weight of the primed canvas, which is an 
important consideration for larger works. Chalk has a lower molecular weight than lead 
carbonate (100.1 g/mol versus 267.2 g/mol) and it was also less expensive.3 Finally, 
organic analysis provided evidence for the use of linseed oil, animal glue, starch and 
emulsions as possible binding media.  
When used alone in oil media, the low refractive index of chalk accounts for the poor 
hiding power of paint and ground layers. The previous chapter showed that this physical 
characteristic may be manifest in layers ca. 200 microns thick, which is a range 
repeatedly measured in the grounds of canvas paintings. When grounds hide poorly, they 
can allow the canvas support to be seen on the surface. As linen canvas darkens 
dramatically after impregnation, the inclusion of chalk is a key factor for the colour 
change of the ground after wax-resin impregnation. However, questions remained as to 
whether and to what extent the poor hiding power of chalk might be altered when 
grounds also included yellow iron oxide, raw umber, lead white, and combinations 
thereof. Experiments discussed in the present chapter examine the optical 

                                                 
1 Elisabeth Martin, “Grounds on Canvas 1600-1640 in Various European Artistic Centres, in Preparation for painting 
the artist’s choice and its consequences, Joyce H. Townsend, Tiarna Doherty, Gunnar Heydenreich and Jacqueline Ridge 
eds. (London: Archetype Publications, 2008), 59-62; Karin Groen and Ella Hendriks, “Frans Hals: A technical 
examination, ” in Frans Hals , ed. Seymour Slive (National Gallery of Art, Washington D.C., Royal Academy, 
London, and Frans Hals Museum, Haarlem, 1989-1990), 115; Margriet, van Eikema Hommes, Art and Allegiance in 
the Dutch Golden Age, The ambitions of a wealthy widow in a painted chamber by Ferdinand Bol (Amsterdam: Amsterdam 
University Press, 2012), 193. 
2 The presence of chalk in concomitance with lead white can be related to the use of a cheap variety of lead white, 
Annelies van Loon, Color Changes and Chemical Reactivity in Seventeenth-Century Oil Paintings (PhD dissertation, University 
of Amsterdam, 2008), 52. 
3 Van Eikema Hommes, Art and Allegiance in the Dutch Golden Age, 193. 



Experimental results 

246 
 

characteristics of these ground compositions before and after wax-resin impregnation. 
The variables of the experiments included pigment ratio and layer thickness.  
This chapter first outlines the experimental procedure used and then discusses the 
results. The discussion takes into account experimental results from the previous 
chapter, concerning oil-bound grounds composed of one pigment type as well as the 
results of the examination of ground samples on opacity charts presented in chapter 8. 
 
 
6.1 Experimental  
 
6.1.1 Composition and making process of the reconstructions 
 
The first experiment in this chapter examined colour change in thirteen different grounds 
applied to a canvas support. One series were composed of chalk mixed with raw umber and/or 
yellow iron oxide (Grounds 1 to 8). A second series contained chalk mixed with lead white 
and/or raw umber. All grounds were bound in linseed oil (Grounds 9 to 13). Two ground 
recipes did not include chalk but instead functioned as controls with which to demonstrate the 
influence of the chalk proportion for both series of reconstructions (Grounds 5 and 11). 
Pigment ratio varied per ground type, and the proportion of iron oxide pigments was determined 
after preliminary tests. The main criterion on which pigment quantity was based was the 
achievement of a suitable mid-tone on which to paint. An exception was the ground made of 
yellow iron oxide, and raw umber in equal amounts which resulted in a dark brown colour due to 
the high proportion of raw umber (Ground 5). The pigment volume concentration was adapted 
for each composition in order to produce a suitable paste for application with a palette knife. 
The amount of binding medium used was measured in millimetres with a pipette Pasteur during 
preparation; the resulting quantities are documented in table 1.  
 
Table 1 Recipes for grounds composed of chalk, raw umber, yellow iron oxide and/or lead white in linseed oil. 
 
Ground reference Type and quantity of pigment Quantity of linseed oil 

Chalk Raw umber Yellow iron oxide Lead white 

1 4.9 g - 0.1 g - 1.7 ml 

2 4.5 g - 0.5 g - 1.8 ml 

3 4.9 g 0.1 g - - 1.7 ml 

4 4.5 g 0.5 g - - 1.4 ml 

5 - 2.5 g 2.5 g - 3.2 ml 

6 4.9 g 0.05 g 0.05 g - 1.5 ml 

7 4.7 g 0.15 g 0.15 g - 2.3 ml 

8 4.5 g 0.25 g 0.25 g - 1.4 ml 

9 2.5 g - - 2.5 g 1.5 ml 

10 4 g - - 1 g 1.5 ml 

11 - 0.5 g - 4.5 g 2.2 ml 

12 2.25 g 0.5 g - 2.25 g 1.7 ml 

13 3.5 g 0.5 g - 1 g 1.7 ml 
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Pigment and binder were mixed by hand using a palette knife, glass muller, and glass plate. Once 
the ground reached the correct consistency, it was applied to a linen canvas pre-stretched with 
ropes onto a wooden strainer and sized with 10% animal glue in water in gel form. Each ground 
was painted out as single layer in parallel strips measuring ca. 40 x 5 cm (figs. 1 and 2). A 
drawdown bar with a gap size of 200 microns was used for application, except for the lead white-
containing reconstructions that were painted out with a palette knife (Reconstructions 9 and 10). 
In addition to the standard wet film thickness of 200 microns, Grounds 11, 12 and 13 were also 
applied at 50 microns and Ground 6 at 50, 100 and 150 microns.4 These secondary applications 
of Ground 6 were done at a different time from those at 200 microns, though using the same 
materials, quantities, and techniques. Most of the reconstructions were left to dry between twelve 
and nineteen months before wax-resin impregnation was carried out. Exceptions include 
Reconstructions 6, 11, 12, and 13 that were aged 6 months before lining. Photographs of the 
reconstructions before impregnation can be found in appendices B.1.2 - B.1.6. 
 

 

Fig. 1 Ground reconstructions composed of iron oxide pigments with and without chalk in linseed oil, before wax-
resin impregnation. From left to right, Reconstruction (Rec.) 1: chalk and yellow iron oxide in the ratio of 4.9:0.1; Rec. 
2: chalk and yellow iron oxide in the ratio of 4.5:0.5; Rec. 3: chalk and raw umber in the ratio of 4.9:0.1; Rec. 4: chalk 
and raw umber in the ratio of 4.5:0.5; Rec. 5: yellow iron oxide, and raw umber in the ratio of 2.5:2.5; Rec. 6: chalk, 
raw umber, and yellow iron oxide in the ratio of 4.9:0.05:0.05; Rec. 7: chalk, raw umber, and yellow iron oxide in the 

ratio of 4.7:0.15:0.15; Rec. 8: chalk, raw umber, and yellow iron oxide in the ratio of 4.5:0.25:0.25. 

 

                                                 
4 The film thickness indicated by the applicator did not correspond to the actual thickness of the ground layers after 
drying. The text uses this reference only in order to differentiate the applications of Grounds 6, 11, 12, and 13. 
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Fig. 2 Oil bound grounds reconstructions composed of lead white mixed with chalk and/or raw umber, before 
wax-resin impregnation. From left to right, Reconstruction (Rec.) 9: lead white and chalk in the ratio of 2.5:2.5; Rec. 10: 
lead white and chalk in the ratio of 1:4; Rec. 11: lead white and raw umber in the ratio of 4.5:0.5 applied in 200 and 

50 μm; Rec. 12: lead white, chalk and raw umber in the ratio of 2.25:2.25:0.5 applied in 200 and 50 μm; Rec. 13: 
chalk, lead white, and raw umber in the ratio of 3.5:1:0.5 applied in 200 and 50 μm. 

 
6.1.2 Wax-resin impregnation of the reconstructions: procedure and visual observations 
 
The impregnation procedure followed the one described in chapter 2.3. As with the oil-bound 
ground reconstructions examined in the previous series, the wax-resin adhesive did not pass 
through the ground layers, thus suggesting poor or non-absorbance of the grounds. Photographs 
of the reconstructions after impregnation can be found in appendices B.1.2 - B.1.6. 
 
6.1.3 Physical characteristics of the reconstructions after natural ageing and before wax-resin 
impregnation; implications for colour measurements 
 
Influence of the chalk ratio on the ground colour 
 
Based on visual assessment, the reconstructions containing chalk and either yellow iron oxide 
(Reconstructions 1 and 2) or raw umber (Reconstructions 3 and 4) exhibited a decrease in gloss 
and a lighter colour when the chalk proportion was the highest (Reconstructions 1 and 3). These 
trends were also shown by the series of grounds consisting of mixtures of chalk, yellow iron 
oxide and raw umber in different ratios (Reconstructions 6, 7 and 8). A study of the influence of 
the chalk proportion on the colour of the reconstructions was supported by comparative colour 
measurements. For example, measurements of the ground reconstruction composed of chalk 
and yellow iron oxide in the ratio of 4.5:0.5 with colour data of the reconstruction consisting of 
only yellow iron oxide in linseed oil, recorded a significant colour difference, by ∆E* = 9.58 units 
with an increased lightness of 6.5 ∆L* units and an increased b* value of 7.04 ∆b* units, 
implying that the yellowness of the ground was enhanced (Reconstructions 2 and YO, also see 
chapter 5). The reconstruction composed of the highest proportion of chalk to yellow iron oxide 
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showed a more pronounced change than the ground composed of a lesser proportion of chalk 
where a total colour difference of 15.83 ∆E* units was recorded along with an increased 
lightness of 13.85 ∆L* units (Reconstruction 1). Furthermore, the a* value changed of -7.61 units 
while the b* value changed only of 0.98 ∆b* units, indicating that the colour of the ground 
became more green. 
Comparative colour measurements of the reconstruction consisting of only raw umber in linseed 
oil with the reconstruction composed of chalk and raw umber with the lowest proportion of 
chalk, recorded a colour difference of 10.97 ∆E* units with an increased lightness of 6.44 ∆L* 
units and a change in hue toward redness and yellowness (Reconstruction 4 and RU, also see 
chapter 5). The reconstruction composed of the highest proportion of chalk showed similar 
trends, though more marked, with total colour difference of 26.77 ∆E* units and an increased 
lightness of 18.93 ∆L* units (Reconstructions 3).  
Furthermore, comparison of colour measurements of the two sets of reconstructions showed 
that an increase in the proportion of natural iron oxide pigment from 2 to 10% resulted in an 
alteration of the colour that was more substantial when adding raw umber than when adding 
yellow ferric pigment.  
Colour measurements of the series of grounds consisting of mixtures of chalk, yellow iron oxide 
and raw umber in different ratios (Reconstructions 6, 7 and 8), when compared to measurements 
from the reconstruction that contained only raw umber and yellow iron oxide (Reconstruction 
5), emphasized the influence of chalk on the colour of the grounds: the more chalk the lighter 
and yellower the colour. The addition of chalk also resulted in a change in hue towards red. For 
this series of reconstructions, the increase in the proportion of natural iron oxide pigments was 
apparent in cross-sections, as shown in the figure 3. 
 

   
Fig. 3 Cross-sections (microphotograph in bright field) showing the effect of the increased concentration of iron 

oxide pigment in ground recipes on the pigment distribution in ground reconstructions. Left: the ground is 
composed of chalk, raw umber and yellow iron oxide in the ratio of 4.9:0.05:0.05 (Rec. 6); middle, the ground is 
composed of chalk, raw umber and yellow iron oxide in the ratio of 4.7:0.15:0.15 (Rec. 7); right, the ground is 

composed of chalk, raw umber and yellow iron oxide in the ratio of 4.5:0.25:0.25 (Rec. 8). 
 
The influence of chalk on the colour of the reconstructions was also observed in the series with 
lead white-containing grounds. In these cases, the inclusion of chalk produced a darker and 
warmer colour, increasing in effect as the proportion of chalk increased from 50 to 80%. 
Comparative colour measurements showed that the reconstruction with the ground composed 
of the lowest chalk:lead white in equal ratio was significantly different to the reconstruction 
composed of only lead white in oil by a total difference of 12.94 ∆E* units with a darkening of -
7.58 ∆L* units and a yellowing of 10.31 ∆b* units (Reconstructions 9 and LW, also see chapter 
5). The same trends were found even more markedly with ∆L* = -14.17 and ∆b* = 13.51, when 
comparing colour measurements of the lead white containing ground with the reconstruction 
consisting of a higher proportion of chalk (Reconstruction 10). In addition, the hue of this 
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reconstruction also became redder (∆a* = 1.76). This showed that the degree of lightness, yellow 
and, red increased alongside an increased the quantity of chalk. 
The visual impact of the inclusion of chalk was observed in the grounds composed of lead white 
and raw umber in linseed oil. For this series the quantity of chalk was increased from 0% to 45% 
to 70%, while the proportion of lead white decreased (Reconstructions 11, 12, and 13). In all 
cases, the amount of raw umber remained 7%. The visual darkening caused by the chalk was 
supported by the comparison of colour measurements, as the colour of the two reconstructions 
including chalk were markedly different from the one without, with ∆E* = 3.20 and 8.89, and a 
decreased lightness for both. The influence of the addition of chalk on the hue of the grounds 
resulted in a significant change for the reconstruction with the highest proportion of chalk, 
which exhibited a decrease of the b* value of -3.41 units indicating that the ground became 
darker and less yellow (Reconstruction 13). Variations in layer thickness were found to have no 
influence on colour measurements as results were almost identical for both the thick and the thin 
layers. Finally, all reconstructions exhibited a glossy surface, a quality that increased with 
increased lead white content; the reconstruction without chalk was the glossiest.  
 
Ground layer thickness 
 
In general, ground layers were evenly applied and fully obscured the canvas texture. The use of 
the drawdown bar produced a textured surface characterized by straight parallel lines in relief, 
spaced approximately 1 mm apart along the length of each strip. Two series of reconstructions in 
this experiment were produced in order to investigate the influence of layer thickness on ground 
colour after impregnation. For this purpose, four ground types were applied in various 
thicknesses using the different gap sizes of the drawdown bar (Grounds 6, 11, 12, and 13).  
Visual observation of the reconstruction composed of chalk, raw umber, and yellow iron oxide 
did not reveal significant physical differences between the applications in 200, 150 and 100 
microns thicknesses (Reconstruction 6). However, the 50 micron thick application differed from 
the others in that underlying canvas was left visible. Measurements on cross-sections revealed 
that the ground layers changed thickness according to the gap size used for application (fig. 4). In 
general, the average thickness was thicker than the gap size. This effect is likely due to the 
flexibility of the canvas that tended to collapse under the pressure of the instrument, thus leaving 
more room for the ground layer. The 50 micron thick application exhibited the lowest average 
thickness, explaining the visibility of the canvas through the ground layer. Interestingly, 
comparative colour measurements of the reconstruction with the grounds applied in thicknesses 
of 50 and 150 microns, showed that the colour of the thickly applied grounds differed markedly 
from that of the more thinly applied one (∆E* = 2.69), indicating the influence of application 
thickness on colour. See table 4 for a summary of colour measurements relative to this 
reconstruction.  
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Fig. 4 Oil-bound ground reconstruction composed of chalk, raw umber, and yellow iron oxide (Rec. 6) applied in 

200, 150, 100 and 50 μm thicknesses from top to bottom respectively, before wax-resin impregnation.  
Left column, details, ca. 9 x 6 cm, of each reconstruction, right column, cross-sections (microphotograph in bright field) 

of the corresponding areas of the reconstruction before impregnation. The samples include canvas support and 
ground layer. The thinnest and thickest measurements are indicated on the photographs. Measurements from top to 

bottom (black lines): layer thickness of the ground applied at 200 μm = 42-276 μm; layer thickness of the ground 
applied at 150 μm = 56-256 μm; layer thickness of the ground applied at 100 μm = 67-192 μm; layer thickness of 

the ground applied at 50 μm = 29-134 μm. 
 
The three grounds composed of lead white and raw umber, with and without chalk were applied 
with a drawdown bar with gap sizes of 200 and 50 microns (Grounds 11, 12, and 13). Visual 
observation of the surfaces found the canvas weave to be completely obscured. Comparative 
colour measurements of the two reconstructions containing chalk with the grounds applied in 
both thicknesses did not record any difference (Reconstructions 12 and 13), while the 
reconstruction composed of lead white and raw umber showed a difference of ∆E* = 1.40 units 
between the reconstructions with the two different application thicknesses (Reconstruction 11). 
It is therefore possible that in this case the colour measurements were influenced by the colour 
of the canvas due to the poor hiding power of the ground.  
The reconstruction composed of chalk and yellow iron oxide exhibited irregularities in the 
ground layer thickness due to challenges that occurred when using the drawdown bar for 
application (Reconstruction 1). This caused for local visibility of the canvas through the grounds 
(fig. 5). Measurements on cross-sections showed that the ground layer had an average thickness 
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of 134 microns in areas where it was thinly applied. In comparison, in areas that thoroughly 
obscured the canvas the ground layer had an average thickness of 248 microns.  
 

 

 

 
Fig. 5 Oil-bound ground reconstruction composed of chalk and yellow iron oxide (Rec. 1).  

Left column, the detail before wax-resin impregnation, ca. 5 x 5 cm, shows that in some areas the canvas weave is 
visible through the ground (upper grey arrow) while in other places the ground fully obscures the canvas weave (lower 
grey arrow); right column, cross-sections (photomicrograph in bright field) of samples taken from areas with different 

ground thicknesses. The upper cross-section sampled from an area where the canvas weave was visible through the 
ground, revealed a layer thickness of 52 to 216 μm (black lines). The lower cross-section sampled in an area where the 

ground layer obscured the canvas weave, exhibited a layer thickness of 163 to 333 μm (black lines). 
 
In the case of the reconstructions with the lead white-containing grounds the canvas support 
influenced locally the appearance of the surface of the grounds by the creation of small dark 
spots (Reconstructions 9 and 10, fig. 6). Measurements on cross-sections from the 
reconstruction with the highest proportion of chalk showed that the ground layer on the canvas 
weave may be as thin as ca. 59 microns, while it reaches 276 microns in other places 
(Reconstruction 10, fig. 7).  
 

  

Fig. 6 Oil-bound ground reconstructions composed of lead white and chalk in the ratios of 1:1 (Rec. 9, left) and 4:1 
(Rec. 10, right), before wax-resin impregnation. The two details, ca. 10 x 5 cm, show that the canvas weave is locally 

visible where the ground was thinly applied 
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Fig. 7 Oil-bound ground reconstruction composed of lead white and chalk in the ratio of 4:1 (Rec. 10).  
Left, detail, ca. 5 x 5 cm, before wax-resin impregnation showing an area where the canvas weave is visible through 
the ground before wax-resin impregnation (grey arrow); right, cross-section (microphotograph in bright field) sampled 
from an area where the canvas weave was visible after wax-resin impregnation and exhibiting a layer thickness of 59 

to 276 μm. 

 
In each instance and for the benefit of the research, colour measurements were carried out on 
the two types of areas where the grounds were thinly and thickly applied.  
 
Other physical characteristics 
 
The reconstructions composed of chalk, raw umber, and yellow iron oxide as well as the one 
containing chalk and raw umber and the one composed of chalk and yellow iron oxide exhibited 
colour irregularities, with shifts between dark and light areas (Reconstruction 3, 6 and 1 
respectively, fig. 8). The cause of this phenomenon was not clear. Therefore, colour 
measurements for all of these grounds were carried out in darker areas, which were considered 
most representative of the overall appearance. 
 

  

Fig. 8 Oil-bound ground reconstructions composed of chalk and yellow iron oxide (Rec. 1, left) and of chalk and raw 
umber (Rec. 3, right), before wax-resin impregnation. The two details, ca. 8 x 5 cm, show the unevenness in colour of 

the two grounds. 

 
6.1.4 Colour measurements of the reconstructions 

Colour measurements followed the procedure described in chapter 4. In normal conditions, the 
same areas were measured before and after wax-resin impregnation. However, colour 
measurements of the reconstruction composed of chalk and yellow ochre before impregnation 
revealed irregularities after the impregnation was complete, and therefore required the use of the 
non-impregnated area to obtain valid data before impregnation (Reconstruction 1). This 
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modification of the procedure, however, was not considered problematic due the even character 
of the ground layers produced.  
A summary of the colour data and visual approximations of colour changes through the 
conversion of the L*a*b* coordinates into RGB values are provided per reconstruction in tables 
5-9. Complete data sets for the colour measurements and colour differences are found in 
appendices B.2.2 - B.2.6. Tables that summarise the results are in appendix B.2.8. 
 
6.2 Results and discussion 
 
The first two series of reconstructions examined in this section were made with grounds 
composed of two pigments types in linseed oil, chalk and yellow iron oxide, and chalk and raw 
umber. The third series consisted of oil-bound grounds composed of a mixture of all three 
pigments. In order to demonstrate the effect of the chalk proportion on ground colour, all 
grounds were prepared with two different pigment types. Colour measurements of the 
reconstructions before and after wax-resin impregnation were compared within each series. 
Comparative colour measurements also took into account colour data from oil-bound grounds 
containing one pigment type (discussed in chapter 5). The same approach was implemented for 
lead white-containing grounds: the first series examined the influence of the chalk proportion on 
the colour of grounds composed of lead white and chalk, while the second looked at grounds 
composed of lead white, chalk, and raw umber. In general, results supported the hypothesis that 
a higher proportion of chalk lowered the hiding power of the grounds, and therefore increased 
the possibility of colour change post impregnation.  
 
6.2.1 Oil-bound grounds composed of chalk and yellow iron oxide 
 
Comparative colour measurements of the two ground reconstructions composed of yellow iron 
oxide and chalk in linseed oil showed that the colour of the grounds changed slightly and to a 
similar extent after impregnation, as ∆E* = 1.71 and 1.58 (Reconstructions 1 and 2). For the two 
reconstructions the L*, a* and b* values decreased indicating that the grounds became darker, 
less yellow and less red. The area in Reconstruction 1 where the canvas weave could be seen 
changed colour more significantly than other areas of the same reconstruction, since ∆E* = 5.02 
with a darkening of -1.49 ∆L* units as well as a decrease in the a* and b* values as ∆a* = -2.06 
and ∆b* = -4.33, indicating that the colour of the ground became cooler (Reconstruction 1-thin, 
fig. 9). Table 2 presents a summary of the colour data collected from the reconstructions before 
and after wax-resin impregnation. It also provides visual approximations of the colour measured 
using RGB values. The photographs of the reconstructions can be found in appendix B.1.2 and 
complete data sets for the colour measurements can be found in appendix B.2.2. 
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Fig. 9 Oil-bound ground reconstruction composed of chalk and yellow iron oxide in the ratio of 4.9:0.1 (Rec. 1). 
The detail, ca. 14 x 5 cm, shows that after wax-resin impregnation (grey box) the darkened canvas influenced the 
appearance of the ground. The effect is clearly visible in the upper part of the sample where the ground is more 

thinly applied. 
 
Table 2 Colour data of the oil-bound ground reconstructions composed of chalk and yellow iron oxide in the ratios 
of 4.9:0.1 and 4.5:05 (Rec. 1 and 2), before and after wax-resin impregnation. The last two rows include colour data 
from the reconstruction composed of solely yellow iron oxide in linseed oil (Rec. YO discussed in the previous 
chapter). 
 
Reference and state 
 

Colour 
measurements 
data 

RGB 
values 

Colour fields according to RGB values ∆E* 

 
 
1 before impregnation 

L*: 64.9 
a*: 10.23 
b*: 34.26 

R: 189 
G: 150 
B: 96 

 

1.28 
1 after impregnation L*: 63.88 

a*: 9.77 
b*: 33.63 

R: 185 
G: 148 
B: 95 

 

     
 
 
1-thin before impregnation 

L*: 63.39 
a*: 9.73 
b*: 35.00 

R: 184 
G: 146 
B: 91 

 

5.02 
1-thin after impregnation L*: 61.9 

a*: 7.67 
b*: 30.67 

R: 176 
G: 144 
B: 95 

 

     
 
 
2 before impregnation 

L*: 57.55 
a*: 18.1 
b*: 40.99 

R: 182 
G:125 
B: 66 

 

1.58 
2 after impregnation L*: 57.07 

a*: 17.22 
b*: 39.77 

R: 177 
G:125 
B: 67 

 

     
 
 
YO before impregnation 

L*: 51.05 
a*: 17.84 
b*: 33.95 

R: 162 
G: 109 
B: 63 

  
 
0.53 
 
 

YO after impregnation L*: 50.68 
a*: 17.55 
b*: 33.71 

R: 160 
G: 109 
B: 63 

 

 
Since the wax-resin adhesive did not fully (if at all) impregnate the ground layers it is very likely 
that the colour change measured on the reconstruction composed of chalk and yellow iron oxide 
was caused by poor hiding of the ground layers, rather than a physical change within the layer 
itself. This assumption was supported by the results of colour measurements from opacity charts 
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which showed that the two grounds had a poor hiding power at both thicknesses tested (see 
chapter 8.2.2).  
Results of the hiding power study also showed that, when applied in similar thicknesses, the 
ground composed of 98% chalk had less hiding power than the ground containing 90% chalk 
(Grounds 1 and 2). This implied that the reconstruction with the highest proportion of chalk was 
likely changed more markedly than the reconstruction with the lower proportion of chalk due to 
the darkening of the canvas support that may influence the colour measured at the surface. This 
behaviour, however, was not reflected in the colour measurements of the reconstructions as 
colour differences recorded a similar colour change for the two reconstructions despite the 
varied proportions of chalk (Reconstructions 1 and 2). It is likely that in this case, the thicknesses 
of the layers measured were not identical, impeding an accurate assessment of hiding power. 
Nevertheless, the influence of the proportion of chalk on the colour change of oil-bound ground 
layers containing yellow iron oxide after wax-resin impregnation was highlighted by comparing 
the colour measurements from Reconstructions 1 and 2 with those from the reconstruction 
consisting solely of yellow iron oxide in linseed oil (Reconstruction YO - discussed in chapter 5). 
The latter did not change colour after impregnation, indicating that it was the inclusion of chalk 
that caused the colour change of the other reconstructions.  
Furthermore, the hiding power study showed that for both ground types composed of chalk and 
yellow iron oxide, hiding power decreased with layer thickness. Interestingly, the influence of 
layer thickness on hiding power, and therefore also on the degree of colour change, was 
exemplified by comparative colour measurements of the reconstruction with the highest 
proportion of chalk before and after impregnation. These were carried out in areas where the 
ground was applied in different thicknesses. Measurements on cross-sections from the 
reconstruction found that the ground areas that changed colour slightly had an average layer 
thickness of 250 microns, which was thicker than the maximum thickness at which the ground 
was applied on opacity charts (fig. 5). Areas that showed a more pronounced colour change 
corresponded to an average layer thickness of 135 microns, at which measurements showed that 
the ground had poor hiding power. 
 
6.2.2 Oil-bound grounds composed of chalk and raw umber 
 
Visual assessment suggested that the two reconstructions composed of chalk and raw umber in 
in the ratios of 4.9:0.1 and 4.5:0.5 did not change colour after wax-resin impregnation  
(Reconstructions 3 and 4). This observation was supported by colour measurements, as the 
colour difference of each reconstruction after impregnation was less than 1 ∆E* units. This 
result was similar to measurements from the reconstruction consisting of raw umber in linseed 
oil (Reconstruction RU discussed in chapter 5), suggesting that the addition of up to 98% chalk 
with raw umber had not influenced the colour of the reconstructions after wax-resin 
impregnation.  
Table 3 presents a summary of the colour data collected from the reconstructions before and 
after wax-resin impregnation. It also provides visual approximations of the colours measured 
using RGB values. Photographs of the reconstruction can be found in appendix B.1.3 and 
complete data sets for the colour measurements are in appendix B.2.3. 
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Table 3 Oil-bound ground reconstructions composed of chalk and raw umber in the ratios of 4.9:0.1 and 4.5:05 
(Rec. 3 and 4), before and after wax-resin impregnation. The last two rows include colour data from the 
reconstruction that consists of solely raw umber in linseed oil (Rec. RU, see previous chapter). 
 
Reference and state 
 

Colour 
measurements 
data 

RGB 
values 

Colour field according to RGB values ∆E* 

 
 
3 before impregnation 

L*: 46.91 
a*: 7.71 
b*: 21.80 

R: 133 
G: 106 
B: 75 

 

0.78 
3 after impregnation L*: 46.68 

a*: 7.46 
b*: 21.1 

R: 131 
G: 106 
B: 75 

 

     
 
 
4 before impregnation 

L*: 34.43 
a*: 6.26 
b*: 11.63 

R: 96 
G: 77 
B: 63 

 

0.19 
4 after impregnation L*: 34.40 

a*: 6.30 
b*: 11.44 

R: 95 
G: 77 
B: 63 

 

     
 
 
RU before impregnation 

L*: 27.98 
a*: 2.38 
b*: 3.64 

R: 71 
G: 65 
B: 60 

 

0.52 
RU after impregnation L*: 27.46 

a*: 2.35 
b*: 3.62 

R: 70 
G: 64 
B: 59 

 

 
The study of the hiding power of the grounds provided limited data due to local blanching of the 
samples that prevented most of the colour comparisons, thus compromising the evaluation of 
the influence of chalk (see chapter 8.2.2). Due to the lack of data, further ground applications 
were carried out on sealed opacity charts in order to prevent gloss differences caused by 
differential sinking in of the oil medium (Grounds 3bis and 4bis). It should be noted, however, 
that a new batch of raw umber had to be used for these samples, so they were not strictly 
comparable. 
The study of samples made with the ground composed of 98% chalk revealed the very poor 
hiding power of the ground when painted out at 50 microns thick (Ground 3). The experiments 
also indicated increased hiding power of the ground with increased layer thickness, but did not 
clarify whether this ground was opaque when more thickly applied, which would have supported 
colour data from the reconstructions. Comparative colour measurements from samples of the 
two grounds on sealed opacity charts provided results similar to those of the initial series of 
samples, as they revealed the poor hiding power of the two grounds even when applied 200 
microns thick (Ground 3bis and 4bis). However, taking into consideration the comparison of 
colour difference data from the sealed and unsealed charts it is very likely that, when applied on 
an absorbent substrate, the grounds would hide the substrate better (see chapter 4). 
Furthermore, study showed that the proportion of chalk did influence the hiding power of the 
raw umber-containing oil grounds: the higher the proportion of chalk the lower the hiding power 
of the ground at the two thicknesses tested (Ground 3bis). Interestingly, these trends were not 
found on the reconstructions since none changed colour after wax-resin impregnation. It is likely 
that this is due to the opacity of the grounds when applied on an absorbent substrate in the 
suitable thickness. In this case average layer thickness was measured as 162 microns (fig. 10). 
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Fig. 10 Cross-section (microphotograph in bright field) from the ground reconstruction composed of chalk and raw 
umber in a ratio of 4.9:0.1 in linseed oil (Rec. 3bis). The ground layer thickness measured 52 to 272 μm (black lines). 

 
6.2.3 Oil-bound grounds composed of yellow iron oxide and raw umber, with and without chalk 
 
In order to assess the influence of the chalk ratio on the colour change of an oil-bound ground 
comprised of a mixture of yellow iron oxide and raw umber, Reconstruction 5 was produced 
with a ground excluding chalk. The latter did not change colour after impregnation as ∆E* is less 
than 1 unit. When 90 and 94% chalk were added to this mixture the grounds remained 
unchanged after impregnation (Reconstructions 8 and 7). The reconstruction with 98% chalk, 
however, recorded a total colour difference of 1.38 ∆E* units with a significant change in the b* 
value as ∆b* = -1.38 (Reconstruction 6).5 The same trends toward a darker and cooler tone were 
also recorded in other application thicknesses of the ground though colour measurements 
showed more pronounced changes as thickness decreased. For example, the total colour 
difference measured was up to 5.6 ∆E* units with the magnitudes of the L* and b* values that 
decreased regularly with the decrease of the ground layer thickness as ∆L* = -1.36,  -1.80 and -
4.64 and ∆b* = -1.59, -1.96, -2.92. The a* values also decreased, though less regularly. with ∆a* 
= -1.47, -1.57, -1.16.  
Table 4 presents a summary of the colour measurements from the reconstructions before and 
after wax-resin impregnation. It also provides visual approximations of the colours measured 
using RGB values. Photographs of the reconstructions can be found in appendix B.1.4 and 
complete data sets for the colour measurements can be found in appendix B.2.4. 
 
Table 4 Colour data of the oil-bound ground reconstructions composed of yellow iron oxide and raw umber with 
and without chalk in the ratios of 2.5:2.5, 4.9:0.05:0.05, 4.7:0.15:0.15, 4.5:0.25:0.25 (Rec. 5, 6, 7, and 8 respectively), 
before and after wax-resin impregnation. Ground 6 was applied on canvas in four different thicknesses. 
 
Reconstruction and 
state 

Colour 
measurements 
data 

RGB 
values 

Colour field according to RGB values ∆E* 

 
5 before impregnation 

L*: 33.19 
a*: 5.48 
b*: 10.49 

R: 91 
G: 75 
B: 62 

 

0.1 
5 after impregnation L*: 33.19 

a*: 5.48 
b*: 10.49 

R: 91 
G: 74 
B: 61 

 
 

 
  

                                                 
5 See note 4 above.  
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6, 200 μm before 
impregnation 

L*: 52.49 
a*: 8.26 
b*: 26.08 

R: 150 
G: 119 
B: 80 

 

1.38 
6, 200 μm after 
impregnation 

L*: 52.49 
a*: 8.13 
b*: 24.71 

R: 149 
G: 120 
B: 83 

 

     
 
6, 150 μm before 
impregnation 

L*: 55.27 
a*: 8.90 
b*: 26.54 

R: 158 
G: 126 
B: 86 

 

2.55 
6, 150 μm after 
impregnation 
 

L*: 53.91 
a*: 7.43 
b*: 24.95 

R: 152   
G: 124 
B: 86 

 

     
 
6, 100 μm before 
impregnation 

L*: 55.38 
a*: 8.81 
b*: 26.53 

R: 158 
G: 126 
B: 87 

 

3.09 
6, 100 μm after 
impregnation 

L*: 53.57 
a*: 7.24 
b*: 24.57 

R: 151 
G: 123 
B: 86 

 

     
 
6, 50 μm before 
impregnation 

L*: 57.58 
a*: 7.72 
b*: 25.82 

R: 163 
G: 133 
B: 93 

 

5.06 
6, 50 μm after 
impregnation 

L*: 52.94 
a*: 6.56 
b*: 22.90 

R: 147 
G: 122 
B: 87 

 

     
 
7 before impregnation 

L*: 44.96 
a*: 8.96 
b*: 22.86 

R: 130 
G: 100 
B: 68 

 

0.56 
7 after impregnation L*: 45.02 

a*: 8.74 
b*: 22.34 

R: 129 
G: 101 
B: 69 

 

     
 
8, before 
impregnation 

L*: 40.72 
a*: 7.79 
b*: 18.92 

R: 116 
G: 91 
B: 65 

 

0.33 
8 after impregnation L*: 40.78 

a*: 7.62 
b*: 18.64 

R: 116 
G: 91 
B: 65 

 

 
Taking into account that no wax-resin adhesive passed through the ground layers during the 
impregnation process, it was very likely that the hiding power of the reconstruction with 98% 
chalk was the cause of the colour change. This assumption was supported by colour 
measurements from the ground applied on opacity charts (see chapter 8.2.2) that showed a very 
poor hiding power even when applied thickly (∆E* = 3.55). Because cross-sections taken from 
the reconstruction revealed an average thickness of 280 microns, it was assumed that this 
property would remain a factor even when the ground was more thickly applied (fig. 14). The 
hiding power study also supported the results from the reconstructions with 90% and 94% chalk 
as comparative colour measurements from samples on opacity charts found that the grounds 
were opaque when applied thickly. 
Further, the experiment showed the influence of the proportion of chalk in raw umber and 
yellow iron oxide-containing oil-bound grounds on the degree of colour change after wax-resin 
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impregnation as only the reconstruction with the highest proportion chalk (98%) changed 
colour. The hiding power study supported the results, as comparative colour measurements 
revealed that the ground with 98% chalk hide poorly the black and white substrates even when 
applied thickly, while the ground composed of yellow iron oxide and raw umber without chalk 
remained opaque when applied in the two thicknesses tested (Grounds 6 and 5 respectively). 
Further, the grounds containing less chalk than Ground 6 were found to have a poor hiding 
power only when applied thinly (Grounds 7 and 8).  
The hiding power study also showed the influence of layer thickness on the covering power of 
the grounds tested. Comparative colour measurement of the three chalk-containing grounds in 
various thicknesses over the white background recorded significant colour differences, indicating 
that hiding power decreased markedly with decrease of thickness. This result emphasized the 
critical influence of layer thickness on colour change, indicating that the thinner the ground layer, 
the more colour change was caused by wax-resin impregnation. Interestingly this assumption was 
also backed up by comparative colour measurements of Reconstruction 6, which included 
ground applications in different thicknesses. The colour measurements carried out after 
impregnation showed that a decrease of the ground layer thickness was correlated to a more 
significant colour change.  
 
6.2.4 Oil-bound grounds composed of lead white and chalk 
 
Comparative colour measurements of areas where ground layers evenly obscured the canvas 
support recorded that the two reconstructions composed of chalk and lead white in the ratios of 
2.5:2.5 and 4:1 changed colour significantly after wax-resin impregnation, by ∆E* = 5.91 and 6.9 
respectively with a predominant changed in the b* coordinate which decreased by -5.86 and -
6.88 units (Reconstructions 9 and 10). Results indicated the colours of the two grounds became 
cooler in tone and that the magnitude of colour change was dependent on the proportion of 
chalk. Layer thickness was also influential as measurements carried out on the ground with the 
highest proportion of chalk when thinly applied resulted in an even more marked change in the 
b* value.  
Table 5 presents a summary of the colour measurements of the reconstructions before and after 
wax-resin impregnation. It also provides a visual approximation of the colours measured using 
RGB values. Photographs of the reconstructions can be found in appendix B.1.5 and complete 
data sets for the colour measurements can be found in appendix B.2.5. 
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Table 5 Colour data of oil-bound ground reconstructions composed of chalk and lead white in the ratios of 2.5:2.5 
and 4:1 (Rec. 9 and 10), before and after wax-resin impregnation. The last two rows include colour data from the 
reconstruction that consists of solely lead white in oil (Rec. LW see previous chapter). 
 
Reference and state Colour 

measurements 
data 

RGB 
values 

Colour field according to RGB values ∆E* 

 
 
9 before impregnation 

L*: 83.91 
a*: -0.83 
b*: 19.30 

R: 219 
G: 209 
B: 173 

 

5.91 
9 after impregnation L*: 84.75 

a*: -0.22 
b*: 13.44 

R: 219 
G: 211 
B: 186 

 

     
 
 
10 before impregnation 

L*: 77.55 
a*: 0.50 
b*: 22.49 

R: 204 
G: 190 
B: 150 

 

6.9 
10 after impregnation L*: 78.35 

a*: 0.78 
b*: 15.61 

R: 204 
G: 193 
B: 165 

 

     
 
10-thin before 
impregnation 

L*: 75.45 
a*: 0.31 
b*: 20.37 

R: 197 
G: 185 
B: 148 

 

8.27 
10-thin after 
impregnation 

L*: 75.5 
a*: 0.27 
b*: 12.44 

R: 194 
G: 185 
B: 163 

 

     
 
LW before 
impregnation 

L*: 91.72 
a*: -1.26 
b*: 8.98 

R: 234 
G: 232 
B: 214 

 

0.47 
LW after impregnation L*: 91.61  

a*: -1.44 
b*: 8.57 

R: 233 
G: 231 
B: 214 

 

     
 
Importantly, measurements of the reconstructions composed of chalk and lead white were 
different from those collected from the reconstruction consisting solely of lead white in linseed 
oil which did not change after impregnation (Reconstruction LW, see chapter 5). These results 
indicate that the inclusion of chalk was the determining factor for the degree of colour change 
following wax-resin impregnation. Furthermore, the influence of the chalk ratio in lead white 
containing oil bound grounds was shown by comparing colour measurements of the two 
reconstructions containing both pigment types in different ratios; the higher the proportion of 
chalk the more significant the colour change. 
Since the wax-resin adhesive did not stain the absorbent paper placed on the front of the 
reconstructions, it is assumed that this colour change was caused by the darkening of the canvas 
in combination with the poor hiding power of particular ground layers. This hypothesis was 
supported by the hiding power study, which showed that the higher the chalk:lead white ratio, 
the poorer the hiding power of the ground. In addition, the hiding power study showed that the 
degree of hiding of the lead white and chalk oil bound grounds decreased with layer thickness. 
Interestingly, this behaviour was also found in the reconstructions as comparative colour 
measurements of ground areas from the ground reconstruction composed of 80% chalk applied 
in different thicknesses showed that the thinly applied ground changed colour more significantly 
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than the more thickly applied, with ∆E* = 8.27 and 6.9 respectively (Reconstruction 10). Visual 
assessment revealed that the visibility of the underlying canvas, already perceivable before lining 
in areas where the ground was applied more thinly, became more pronounced after impregnation 
with wax-resin impregnation, lending an abraded appearance to the ground. This effect is most 
marked for the reconstruction containing the highest proportion of chalk, 80% chalk (fig. 11).  
 

  

Fig. 11 Oil-bound ground reconstruction composed of chalk and lead white in the ratio of 4:1 (Rec. 10). Same 
detail, ca. 10 x 5 cm, before (left) and after (right) wax-resin impregnation. The detail shows that the canvas weave is 

more visible through the ground after impregnation. The effect is striking in places where the ground was the 
thinnest (grey box). 

 
Measurements on a cross-section from Reconstruction 10 showed ground layer thickness of up 
to 276 microns in the deepest parts of the canvas, while on top of the weave the ground could be 
as thin as 59 microns (fig. 7). When correlating this data with results from the hiding power 
study it appears that Ground 10 changed significantly in degree of hiding relative to thickness 
(see chapter 8.2.2). Its degree of hiding was extremely poor (one of the least hiding of all the 
grounds tested in this study with ∆E* = 23.87) when it was applied thinly, explaining the spotty 
effect of the ground surface after impregnation. 
 
6.2.5 Oil-bound grounds composed of lead white and raw umber, with and without chalk 
 
In order to assess the influence of the chalk ratio on the colour change of oil bound ground 
layers comprising a mixture of lead white and raw umber, Reconstruction 11 was produced 
without chalk. The latter did not change colour after impregnation as ∆E* was less than 1 unit. 
Similar behavior was found for the grounds containing lead white and raw umber with an 
addition of 45 and 70% chalk (Reconstructions 12 and 13). 
Since no wax-resin adhesive passed through the ground layer during the impregnation process, it 
was very likely that the grounds were opaque at the thicknesses tested, thus preventing the 
darkened canvas to influence colour measurements taken on the surface. The hiding power study 
supported this assumption as the ground with 45% chalk was found to be opaque at both 
thicknesses tested. Unfortunately, the study lacked data for the hiding power of the ground that 
contained 70% of chalk and, consequently, it could not be determined whether ground opacity 
was the cause for the unchanged colour of the reconstruction. 
This series of reconstructed grounds was applied in two different thicknesses. Results of colour 
measurements were consistent for both applications, showing that ground thickness did not 
influence the degree of colour change. 
Table 9 presents a summary of the colour measurements of the reconstructions before and after 
wax-resin impregnation. It also provides visual approximations of the colours measured using 
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RGB values. Photographs of the reconstruction can be found in appendix B.1.6 and complete 
data sets for the colour measurements can be found in appendix B.2.6. 
  
Table 6 Colour data of the oil-bound ground reconstructions composed of raw umber and lead white in the ratio of 
4.5:0.5 (Rec. 11) and chalk, lead white, and raw umber in the ratios 2.25:2.25:0.5 and 3.5:1:0.5 (Rec. 12 and 13), 
before and after wax-resin impregnation. Each ground was applied in two different thicknesses. 

 
Reference and state Colour 

measurements 
data 

RGB 
values 

Colour field according to RGB values ∆E* 

 
 
11, 50 μm before 
impregnation 

 
L*: 46.48 
a*: 6.05 
b*: 17.04 

 
R: 128 
G: 106 
B: 82 

 

0.29 
11, 50 μm after 
impregnation 

L*: 45.59 
a*: 6.15 
b*: 17.29 

R: 125 
G: 104 
B: 79 

 

     
 
11, 200 μm before 
impregnation 

L*: 46.87 
a*: 6.34 
b*: 18.35 

R: 129 
G: 107 
B: 80 

 

0.95 
11, 200 μm after 
impregnation 

L*: 47.06 
a*: 6.19 
b*: 17.45 

R: 129 
G: 107 
B: 82 

 

     
 
12, 50 μm before 
impregnation 

L*: 43.46 
a*: 6.32 
b*: 17.13 

R: 120 
G: 98 
B: 75 

 

0.19 
12, 50 μm after 
impregnation 

L*: 43.49 
a*: 6.17 
b*: 17.01 

R: 120 
G: 99 
B: 75 

 

     
 
12, 200 μm before 
impregnation 

L*: 43.68 
a*: 6.45 
b*: 18.17 

R: 121 
G: 99 
B: 73 

 

0.41 
12, 200 μm after 
impregnation 

L*: 43.37 
a*: 6.47 
b*: 17.91 

R: 120 
G: 98 
B: 73 

 

     
 
13, 50 μm before 
impregnation 

L*: 38.46 
a*: 6.22 
b*: 14.38 

R: 106 
G: 87 
B: 67 

 

0.53 
13, 50 μm after 
impregnation 

L*: 38.76 
a*: 5.91 
b*: 14.07 

R: 107 
G: 87 
B: 69 

 

     
 
13, 200 μm before 
impregnation 

L*: 38.79 
a*: 6.18 
b*: 14.89 

R: 107 
G: 87 
B: 67 

 

0.18 
13, 200 μm after 
impregnation 

L*: 38.74 
a*: 6.07 
b*: 14.76 

R: 107 
G: 87 
B: 67 
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6.3 Conclusion 

 
Results of the experiments supported the hypothesis that the inclusion of chalk in oil-bound 
grounds containing yellow iron oxide, raw umber, and lead white would have a significant 
influence on colour change due to wax-resin impregnation. In general, the colour of the grounds 
darkened and shifted toward cooler tones. Colour measurements showed that the magnitude of 
these changes was found to be dependent on both layer thickness and the composition of the 
ground, including the type of pigment and pigment ratios. The research also showed that the 
colour change measured, was due to the hiding power of particular grounds, the degree of which 
varied in relation to composition and layer thickness.  
Considering the whole series of reconstructions produced, the optical properties of oil-bound 
grounds composed of lead white and chalk were the most influenced by the proportion of chalk 
after wax-resin impregnation. Comparative colour measurements from the grounds of similar 
thicknesses showed that the reconstruction containing lead white in linseed oil did not change 
after wax-resin impregnation, while the ground composed of 50% chalk with lead white changed 
significantly with a difference of 5.91 ∆E* units. The ground composed of 80% chalk changed 
even more markedly, with a measured difference ranging from 6.9 to 8.27 ∆E* units depending 
on layer thickness. In the two instances colour measurements recorded that the grounds became 
less yellow while no differences were reported regarding lightness and redness.  
The inclusion of 10% raw umber to the ground type composed of equal proportion of chalk and 
lead white prevented colour change completely, as in that case, no colour difference was 
measured after impregnation. An increased proportion of chalk to lead white ratio to 70% while 
keeping raw umber at 10% also exhibited no colour change. 
The impact of chalk inclusion was also measured in grounds composed of chalk and yellow iron 
oxide, as the two reconstructions made with these materials changed colour slightly though 
noticeably after wax-resin impregnation (∆E* = 1.58 with a change in hue toward blue or a 
darkening) while the reconstruction composed of only yellow iron oxide in linseed oil did not 
change. In these instances, however, the change of chalk proportion from 90 to 98% had no 
measurable consequences on the colour change of the reconstructions. Reconstructions with 
grounds composed of yellow iron oxide and raw umber in equal ratio combined with 90% and 
94% chalk did not record any colour difference, though when chalk was increased to 98% a 
colour difference of 1.38 ∆E* units was measured with a change in the b* value of -1.38 units 
indicating that the ground was principally bluer). Importantly, grounds containing raw umber 
and yellow iron oxide with no chalk did not undergo a colour change, again showing the 
influence of chalk inclusion in oil bound grounds. Exceptions to this trend were the grounds 
containing raw umber and chalk, which recorded no colour difference between before and after 
impregnation even when the proportion of chalk was 98%. These measurements suggested that 
consequences of chalk inclusion on the degree of colour change was dependent on the pigment 
it was mixed with. 
Experimental results showed also that the thickness of ground layers was very influential upon 
their degree and quality of colour change after impregnation. For example, grounds composed of 
chalk and yellow iron oxide in a ratio 4.9:0.1, chalk, raw umber and yellow iron oxide grounds in 
a ratio of 4.9:0.05:0.05 as well as chalk and lead white grounds in a ratio of 4:1, changed colour 
more noticeably when thinly applied. Particularly, they became bluer and greener than the thicker 
applications of the same types of ground. 
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By correlating experimental results from the reconstructions with results provided of the hiding 
power study, it was found that an increased proportion of chalk reduced the hiding power of 
grounds composed of yellow ochre, raw umber and/or lead white, allowing the underlying 
canvas support to influence the colour perceived on the surface. This study also revealed that the 
degree of hiding power also changes considerably with layer thickness. Regarding the ground 
grounds composed of chalk and yellow iron oxide in a ratio 4.9:0.1, chalk, raw umber, and yellow 
iron oxide grounds in a ratio of 4.9:0.05:0.05 as well as chalk and lead white grounds in a ratio of 
4:1, the hiding power study found that each of these grounds hid the opacity charts to varying 
degree dependent on their thickness. An exception was the ground composed of chalk and 
yellow iron oxide for which colour measurements on opacity charts were not decisive.  
It should be noted that in some instances correlating results of colour measurements from the 
hiding power study with measurements from the reconstructions was not straightforward. For 
example, the hiding power study revealed that grounds composed of chalk and yellow iron oxide 
may hide the black and white substrate at different degrees depending on the proportion of 
chalk. This difference in behaviour was not reported by measurements from the reconstructions, 
which revealed a similar degree of colour change for both types of grounds. Furthermore, some 
grounds types that were assessed as having poor hiding power when thickly applied did not 
undergo colour change in the reconstructions on canvas support. This was particularly seen in 
the ground composed of raw umber and chalk, as well as the one consisting of lead white and 
chalk in a 1:1 ratio. It was assumed that such irregularities were due to the thickness of the 
ground layer in the reconstructions that differed from the ones in opacity charts.  
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Chapter 7 

 
COLOUR CHANGE OF QUARTZ-CONTAINING OIL-BOUND 

GROUND RECONSTRUCTIONS AFTER WAX-RESIN 
IMPREGNATION 

 
To date, quartz-containing grounds produced in the Low Countries during the 
seventeenth century have only been found in paintings attributed to Rembrandt or 
originating from his atelier. According to historical and technical research, this type of 
ground was first used in 1640 for the creation of The Company of Captain Banning Cocq, 
1642 (The Night Watch) and then for a number of other works on canvas until the 
painter’s death in 1669. Quartz grounds consist mainly of clay minerals, with a high 
proportion of quartz sand in linseed oil. Results of technical analysis by Groen of forty-
five quartz grounds from Rembrandt’s paintings suggests that quartz ground 
compositions vary between paintings.1 Variations include the type of clay minerals and 
the proportion of trace elements including chalk, iron oxide and carbon black. The 
composition of the quartz ground made for this study derived from analytical results of 
The Night Watch. Two variant series of oil bound grounds were produced, one 
composed of quartz sand and ball clay and the second consisting of quartz sand, ball 
clay, and yellow iron oxide. Both series aimed at evaluating the effect of the quartz 
proportion upon colour change after wax-resin impregnation. For that purpose the 
reconstructions were produced in two different quartz:clay ratios, thus allowing for an 
examination of a wider range of quartz grounds. 
The experimental procedure is outlined in the first section of this chapter, and the results 
are presented in the following section. The discussion takes into account the results of 
colour measurements of the quartz grounds applied on opacity charts, the full results of 
which are presented in chapter 8. The results of colour measurements of the ground 
composed of ball clay in oil, presented in chapter 5 are also integrated. 
 
 
7.1 Experimental  
 
7.1.1 Composition and making process of the reconstructions 
  
The experiment examined colour change in four types of quartz grounds applied on canvas 
(Reconstructions 14 to 17). The quantities and proportions of quartz sand, ball clay, and yellow 
iron oxide were established following preliminary tests in which the evaluation criteria included 
handling properties, colour, and appropriate texture for producing a suitable ground for canvas 
painting. The pigment volume concentration was adapted for each composition so that it was 
appropriate for application with a palette knife. Linseed oil was measured in millimetres with a 
Pasteur pipette during preparation. The resulting recipes are documented in table 1.   

                                               
1 Karin Groen, “Earth Matters, The Origin of the Material Used for the Preparation of the Night Watch and Many 
Other Canvases in Rembrandt’s Workshop After 1640,” Art Matters International Journal for Technical Art History 3 
(2005): 140. 
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Table 1 Recipes for the quartz-containing grounds examined in this study 
 

Reference of 
grounds 

Type and quantity of pigment Quantity of linseed oil 

Clay Quartz sand Yellow iron oxide 

14 4.2 g 0.8 g - 2.3 ml 

15 4.2 g 0.65 g 0.15 g 2.3 ml 

16 3.3 g 1.7 g - 2 ml 

17 3.3 g 1.55 g 0.15 g 1.8 ml 

 
Quartz sand, clay and yellow iron oxide (when used) were first mixed together dry and then 
combined with linseed oil by hand using a palette knife and then a glass muller on a glass plate. 
Preliminary tests with 40% quartz sand resulted in a ground with a very textured surface due to 
the coarseness and hardness of the quartz sand. A further experiment with 16% sand managed 
to achieve a smooth surface and revealed that long grinding duration and grinding of small 
amounts at a time were essential in order to obtain a smooth consistency. This was assessed by 
visual observation of the texture and the sound produced by the dragging and scratching of the 
sand particles during grinding. A glossy surface and the absence of sound were indications that 
the ground had reached the correct consistency. The amount of oil added was also crucial; as 
little as two drops considerably improved the consistency required for canvas preparation. The 
degree of smoothness achieved using this method was unexpected considering the coarseness of 
the sand. The positive results supported the making of the second series of reconstructions with 
the proportion of sand increased up to 34%. 
Following grinding, grounds were applied onto pre-washed linen canvas stretched with ropes 
onto a wooden strainer and sized with 10% animal glue in water. Each ground was applied using 
a drawdown bar with gap sizes of 50 and 200 microns in parallel strips of approximately 20 x 4.5 
cm (fig. 1). All grounds were applied as single layers. The reconstructions were then left to cure 
in ambient indoor conditions for six months.  
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Fig. 1 Reconstructed quartz-containing grounds applied using a 200 μm (left) and a 50 μm (right) gap thicknesses 

on canvas, before wax-resin impregnation. From top to bottom, Ground 14: clay and quartz 4.2:0.8; Ground 15: clay, 
quartz, and yellow iron oxide 4.2:0.65:0.15; Ground 16: clay and sand 3.3:1.7; Ground 17: clay, sand, and yellow 

iron oxide 3.3:1.55:0.15. 
 

 
7.1.2 Wax-resin impregnation of the reconstructions: procedure and visual observations 
 
The procedure used for impregnation followed the description in chapter 2.3. However, due to 
the relatively young age of the ground layers and the smaller size of the samples in comparison to 
others in this study, the duration of ironing was reduced to a maximum of five minutes. The first 
application of wax-resin occurred before ironing and a second application was carried out after 
two minutes. Absorbent tissue placed between the table and the ground, were stained with wax-
resin only in areas corresponding to bare canvas. The melted adhesive never passed through the 
ground layers, suggestive of poor or non-absorbent ground layers. Observations under raking 
light revealed no imprint or gloss change following the treatment. Photographs of the 
reconstructions after impregnation can be found in appendix B.1.7. 
 
7.1.3 Physical characteristics of the ground layers after natural ageing and before wax-resin 
impregnation; implications for colour measurements 
 
Ground layer thicknesses  
 
In this study several reconstructions were produced using a drawdown bar. For example the 
reconstruction composed of chalk, yellow iron oxide and raw umber (Reconstruction 6), 
discussed in the previous chapter was produced using a film applicator with gap sizes of 50, 100, 
150, and 200 microns. Measurements from cross-sections found that the average layer thickness 
of each application was systematically thicker than the gap size used. It was then assumed that 



Experimental results 
 

270 
 

this discrepancy was caused by the flexibility of the canvas support. However, measurements 
taken from cross-sections of the reconstructions with quartz containing grounds applied using a 
200 micron gap thickness resulted the opposite effect. For example, measurements of the layer 
thickness of the ground composed of clay and quartz sand in the ratio of 4.2:0.8 ranged between 
47 and 205 microns, resulting in an average layer thickness of only 126 microns (Reconstruction 
14, fig. 2) and measurements conducted on the ground reconstruction containing a higher 
quartz:clay ratio, revealed a minimum thickness of 56 microns, while the thickest section 
measured 285, resulting in an average of 170 microns (Reconstruction 16, fig. 3). Furthermore, 
measurements of the reconstruction composed of clay, quartz sand and yellow iron oxide in the 
ratio of 4.2:0.65:0.15 resulted in dry section thicknesses measuring from 72 to 201 microns, 
averaging at 136.5 microns (Reconstruction 15, fig. 4). Finally, the average thickness of the 
ground made with a higher proportion of quartz and similar amount of yellow iron oxide was 
also below the gap size at 120 microns (Reconstruction 17, fig. 5). Though reasons behind this 
reduction in thickness were not fully clarified, it is possible that the amount of oil used, which 
was proportionally higher compared to the chalk and iron oxide containing ground 
reconstructions, caused a greater degree of sinking in of the ground medium and therefore a 
shrinkage of the layers upon drying. Further, measurements carried out on the ground applied 
with the paint applicator set at 50 microns, showed that the gap size used had little influence on 
the average layer thickness. Although the film thickness indicated by the applicator did not 
correspond to the actual thickness of the ground layers after drying, the text uses this reference 
only in order to differentiate between the series of reconstructions made using a 200 microns gap 
thickness and a 50 microns. 
 

  
Fig. 2 Cross-sections (microphotograph in bright field) of the ground reconstruction composed of clay and quartz 
in the ratio of 4.2:0.8 in oil (Reconstruction 14). The ground was applied using a 50 μm (left) and a 200 μm (right) 
gap thicknesses. The thinly applied layer measures 30 to 140 μm; the thickly applied layer measures 47 to 205 μm. 
 

  
Fig. 3 Cross-sections (microphotograph in bright field) of the ground reconstruction composed of clay and quartz 

in the ratio of 3.3:1.7 in oil (Reconstruction 16). The ground was applied using a 50 μm (left) and a 200 μm (right) gap 
thicknesses. The thinly applied layer measures 63 to 243 μm; the thickly applied layer measures 56 to 285 μm. 
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Fig. 4 Cross-sections (microphotograph in bright field) of the ground reconstruction composed of clay, quartz and 

yellow iron oxide in the ratio of 4.2:0.65:0.15 in oil (Reconstruction 15). The ground  was applied using a 50 μm (left) 
and a 200 μm (right) gap thicknesses. The thinly applied layer measures 30 to 256 μm; the thickly applied layer 

measures 72 to 201 μm. 
 

  
Fig. 5 Cross-sections (microphotograph in bright field) of the ground reconstruction composed of clay, quartz, and 
yellow iron oxide in the ratio of 3.3:1.55:0.15 in oil (Reconstruction 17). The ground  was applied using a 50 μm (left) 

and a 200 μm (right) gap thicknesses. The thinly applied layer measures 36 to 228 μm; the thickly applied layer 
measures 58 to 181 μm. 

 
One trend noted in ground thickness was that reconstructions containing the lowest proportions 
of quartz (Reconstructions 14 and 15) resulted in thinner layers than the grounds composed of 
higher quantities of quartz (Reconstructions 16 and 17) - measurements reported 44 and 39.5 
microns differences. It was deduced that the proportion of quartz influenced the degree of 
shrinkage of the ground upon drying, thus affecting the final layer thickness.  
 
Influence of the proportion of quartz on the colour of the grounds 
 
Visual assessments before wax-resin impregnation noted that the colour of the quartz containing 
grounds that contained no yellow iron oxide were a similar mid-grey colour only slightly darker 
than the linen canvas. Although the composition of the two grounds differed in terms of 
quartz:clay ratios, no visual difference was perceived. However, comparative colour 
measurements revealed that the increased quartz:clay ratio from 16% to 34% resulted in a slight 
colour difference with ∆E* just over 1 unit (Reconstructions 14 and 16). However, since this 
result fell within the standard deviation calculated for this study due to surface texture, it was 
assumed that the increased proportion of quartz had no effect on the colour. This difference was 
consistent for both thicknesses tested. Interestingly, different results were obtained from 
measurements of the two grounds applied thickly on opacity charts (see chapter 8.2.4). When 
covering the white background, a significant colour difference of 2.2 ∆E* units, with an increase 
of the L* and b* coordinates, was recorded, implying that the colour became lighter and yellower 
in hue. It is likely that the results reported in the hiding power study indicated trends that were 
not measurable on the reconstructions; the white background of the opacity chart emphasized 
colour differences that the mid-grey tone of the canvas support tended to lessen. Comparative 
colour measurements of the two quartz containing ground reconstructions applied in a thickness 
of 200 microns with the ground reconstruction composed of ball clay in oil (Reconstruction Clb, 
see chapter 5) resulted in significant differences with ∆E* = 9.07 and 8.63 units. This showed 
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that in both cases, the inclusion of quartz modified the initial colour of the ball clay containing 
ground, making it lighter, greener and bluer in hue.  
Comparative colour measurements of the ground reconstructions composed of yellow iron oxide 
in addition to the clay and quartz mixture reported a difference of ca. 2 ∆E* units, with an 
increased value of the a* and b* coordinates when the proportion of quartz was increased 
(Reconstructions 15 and 17). A significant colour difference was also measured on ground 
samples applied over the white backgrounds of opacity charts: ∆E* = 4.12 and 5.16 for the thin 
and thick applications respectively. For both ground application, the colour differences measured 
included a change of the b* coordinate where ∆b* = 3.78 and 4.27. In these instances, results 
from the reconstructions and the hiding power study were consistent in suggesting that the 
quartz to clay ratio influenced the colour of the quartz containing ground reconstructions 
including yellow iron oxide. For example, an increased proportion of quartz from 12% to 32% 
resulted in a ground yellower and redder in hue regardless the application thickness.  
 
Other physical characteristics 
 
Before impregnation with wax-resin, the ground reconstructions presented an even layer that 
fully obscured the canvas texture. The use of the drawdown bar produced a textured surface 
characterized by straight parallel lines in relief approximately 1 mm apart along the length of each 
strip. This produced films of irregular thickness though following a repetitive pattern. Somewhat 
unexpectedly, the use of coarse sand grains did not influence the surface texture, probably due to 
the extended grinding time that sufficiently reduced the particle size. After six months of ageing 
the grounds formed a satin-like surface regardless of the thickness of application. The ground 
surface of Reconstruction 15 was glossier than the others, and the 200 microns application the 
glossiest. The texture of the surface did not change. 
 
7.1.4 Colour measurements of the reconstructions 
 
Colour measurements followed the procedure described in chapter 4. Table 2 presents a 
summary of the colour measurements of the reconstructions before and after wax-resin 
impregnation; it also provides visual approximations using RGB values. The complete data sets 
for all measurements can be found in appendix B.2.7. Tables that summarise the results are in 
appendix B.2.8. 
 
7.2 Results and discussion 
 
Visual assessment of the reconstructions revealed that all quartz containing grounds underwent 
significant colour change after wax-resin impregnation. Measurements showed that the total 
colour difference of the whole set of reconstructions ranged from 2.13 to 6.80 units with 
decreased L*, a* and b* values resulting in colours that were predominately darker and cooler. 
The reconstruction composed of clay and quartz sand in a ratio of 3.3:1.7 changed the most with 
∆E* = 6.80 when applied thinly (Reconstruction 16). The least altered was the reconstruction 
consisting of clay, sand, and yellow iron oxide in a ratio of 4.2:0.65:0.15 where ∆E* = 2.13 units 
for the 200 micron application and 4.23 units for the 50 micron application (Reconstruction 15).  
  



Colour change of quartz containing oil-bound ground reconstructions after wax-resin impregnation 
 

273 
 

 

Table 2 Colour data of quartz-containing ground reconstructions before and after wax-resin impregnation. 
 
Reference and 
state 

Colour 
measurements 
data  

RGB 
values 

Colour field according to RGB values ∆E* 

 
14, 200 μm, before 
impregnation 

L*: 58.42 
a*: 3.20 
b*: 17.25 

R: 155 
G: 138 
B: 110 

 
 

5.20 
14, 200 μm, after 
impregnation 

L*: 54.36 
a*: 2.00 
b*: 14.25 

R: 141 
G: 128 
B: 106 

 

     
 
14, 50 μm, before 
impregnation 

L*: 58.72 
a*: 3.33 
b*: 17.65 

R: 156 
G: 139 
B: 110 

 

5.85 
14, 50μ, after 
impregnation 

L*: 54.64 
a*: 1.86 
b*: 13.72 

R: 141 
G: 129 
B: 107 

 

     
 
15, 200 μm, before 
impregnation 

L*: 56.01 
a*: 8.32 
b*: 26.16 

R: 159 
G: 128 
B: 89 

 

2.13 
15, 200 μm, after 
impregnation 

L*: 54.84 
a*: 7.07 
b*: 24.87 

R: 154 
G: 126 
B: 88 

 

     
 
15, 50 μm, before 
impregnation 

L*: 56.18 
a*: 7.94 
b*: 26.04 

R: 159 
G: 129 
B: 89 

 

4.23 
15, 50 μm, after 
impregnation 

L*: 53.79 
a*: 6.32 
b*: 22.94 

R: 149 
G: 124 
B: 89 

 

     
 
16, 200 μm, before 
impregnation 

L*: 59.09 
a*: 2.92 
b*: 18.03 

R: 156 
G: 140 
B: 111 

 

5.33 
16, 200 μm, after 
impregnation 

L*: 55.2 
a*: 1.80 
b*: 14.56 

R: 143 
G: 131 
B: 107 

 

     
 
16, at 50 μm, before 
impregnation 

L*: 59.37 
a*: 3.04 
b*: 18.42 

R: 157 
G: 140 
B:  111 

 

6.80 
16, at 50 μm, after 
impregnation 

L*: 54.35 
a*: 1.97 
b*: 13.97 

R: 140 
G: 128 
B: 106 

 

     
 
17, 200 μm, before 
impregnation 

L*: 56.31 
a*: 9.19 
b*: 28.14 

R: 162 
G: 128 
B: 86 

 

5.69 
17, 200 μm, after 
impregnation 

L*: 53.47 
a*: 6.70 
b*: 23.89 

R: 149 
G: 123 
B: 87 

 

     
 
17, 50 μm, before 
impregnation 

L*: 56.20 
a*: 8.95 
b*: 27.62 

R: 161 
G: 128 
B: 87 

 

5.66 
17, 50 μm, after 
impregnation 

L*: 53.20 
a*: 6.49 
b*: 23.49 

R: 148 
G: 122 
B: 87 
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7.2.1 Influence of the degree of hiding power on the colour change of quartz containing ground 
reconstructions after wax-resin impregnation 

Since no wax-resin passed through the ground layers it is unlikely that colour changes resulted 
from a physical modification of the ground itself. This study suggested that the darkening of the 
canvas after impregnation, in combination with the poor hiding of the ground layers, was the key 
factor in darkening due to impregnation. The hiding power study supported this assumption, as 
comparative colour measurements showed that all reconstructed quartz grounds hid the black 
and white backgrounds of opacity charts poorly to extremely poorly depending on thickness (see 
chapter 8.2.4). Furthermore, the ground consisting of clay, sand, and yellow iron oxide in a ratio 
of 4.2:0.65:0.15 was found to have the best hiding power on opacity charts, and was the least 
changed by impregnation (Ground 15). This result highlighted the influence of hiding power on 
the degree of colour change in this series of reconstructions.  
 
7.2.2 Influence of the quartz:clay ratio on the degree of colour change of quartz containing 
ground reconstructions after wax-resin impregnation 
 
Results of comparative colour measurements conducted for the hiding power study suggested 
that the higher the proportion of quartz, the poorer the hiding power, and therefore the more 
vulnerable the ground to colour change after impregnation. This trend, however, was not always 
found in the reconstructions. Variations in ground layer thicknesses as well as differences in 
background substrate were assumed to be the cause of these inconsistencies between results of 
colour measurements of the reconstructions and the ground samples on opacity charts. 
Comparative colour measurements of the reconstructions without yellow iron oxide with the 
grounds thickly applied, recorded significant colour differences between before and after 
impregnation, with ∆E* = 5.20 and 5.33 (Reconstructions 14 and 16). Interestingly, comparative 
colour measurements of the ground reconstruction composed of ball clay in linseed oil between 
before and after impregnation (Clb, see chapter 5), recorded a total colour difference of 3.26 
∆E* units - significantly less than the quartz containing ground reconstructions. This indicated 
that the inclusion of 16% quartz increased the grounds’ tendency towards colour change, though 
increasing the percentage of quartz to 34% did not further enhance this effect (Reconstructions 
14 and 16). This result did not fully correspond with colour measurements of samples of the 
grounds on opacity charts since these showed variations in degrees of hiding power depending 
on the proportion of quartz. The results, however, recorded different behaviours according to 
thickness. For example, when applied thickly, the ground composed of the higher proportion of 
quartz had a poorer hiding power than the ground containing less quartz, with total colour 
differences of 17.26 and 15.4 ∆E* units as a function of the colour of the background (Grounds 
14 and 16). By contrast, when applied more thinly the latter had a better hiding power than the 
former with ∆E* = 25.05 and 28.94 respectively. Measurements of the thickness of the ground 
layers of the two reconstructions, from cross-sections, showed that the average layer thickness 
varied per reconstruction. It is therefore likely that this difference in thickness influenced the 
behaviour of each reconstruction, challenging the comparison of their colour measurements. 
Finally, it is also very likely that the colour differences calculated from ground samples on 
opacity charts were reinforced by the strong tonal contrast provided by the black and white 
backgrounds. Measurements on the mid-grey tones of the canvas support tended to lessen this. 
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The influence of the proportion of quartz on the colour change of ground layers after wax-resin 
impregnation was further examined by comparing the colours of two reconstructions that 
contained yellow iron oxide in addition to clay and quartz (Reconstructions 15 and 17). For this 
series, and contrary to the one presented above, the results of colour measurements of the 
reconstructions matched the ones reported for the ground samples on opacity charts, supporting 
with more accuracy the suggestion that the higher the amount of quartz, the more marked the 
colour change. Comparative colour measurements showed that the ground with the highest 
proportion of quartz changed by 5.69 ∆E* units, while the ground with the lowest proportion of 
quartz recorded a difference of only 2.13 ∆E* units (Reconstructions 17 and 15). Measurements 
on cross-sections revealed that the average layer thickness of Reconstruction 17 was greater than 
that of Reconstruction 15 and, as we know from the hiding power study that the thicker the 
grounds the better they hide the support, it likely that this difference would be increased if the 
grounds had the same average layer thickness. Since the wax-resin adhesive did not pass through 
the ground during the impregnation process, it is very likely that the more significant colour 
change of the reconstruction with the highest proportion of quartz was due to its poorer hiding 
power. This was supported by the hiding power study, that showed that the ground with 16% 
quartz hid better the black and white backgrounds than the ground with 26% quartz when 
applied thickly (with the colour differences of 8.19 and 15.04 ∆E* units as a function of the 
colour of the background). These results were consistent with further measurements on the 
ground applied more thinly, where change was measured at 20.57 and 24.35 ∆E* units were 
measured, suggesting that the ground with the lower proportion of quartz was less prone to 
colour change than the ground with the higher proportion of quartz (Grounds 15 and 17). 
Interestingly, of the whole series of quartz grounds tested, the ground with the lowest 
proportion of quartz and including yellow iron oxide exhibits both the best hiding power, and 
the least colour change after impregnation. This emphasizes the influence of hiding power on the 
colour change of this series of reconstructions.  
 
7.2.3 Influence of yellow iron oxide on the degree of colour change of quartz containing ground 
reconstructions after wax-resin impregnation 
 
Comparative colour measurements of the reconstruction with 84% clay and 16% quartz without 
yellow iron oxide between before and after wax-resin impregnation showed that it changed 
significantly, with ∆E* = 5.20, while the ground composed of the same proportion of clay, 13% 
quartz and 3% yellow iron oxide changed less markedly with ∆E* = 2.13 (Reconstructions 14 
and 15). It was assumed that this reduced colour change was due to the increased hiding power 
of the ground layers with the addition of yellow iron oxide, that was found to be already opaque 
when thinly applied (see chapter 5.2.1). However, this effect was not visible when comparing the 
reconstructions that contained a higher quartz:clay ratio (Reconstruction 16 and 17). As the two 
reconstructions changed to a similar degree, with ∆E* = 5.33 and 5.69, it was assumed that the 
influence of yellow iron oxide on the hiding power of quartz and clay containing grounds was 
more marked in the ground composition that included a lesser proportion of quartz. The hiding 
power study supported this hypothesis, showing that the effect of yellow iron oxide in quartz 
grounds was perceptible when the proportion of quartz was 13%, but not when it was 31% 
(Grounds 15 and 17). It seems likely, therefore, that when the proportion of yellow iron oxide is 
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3%, the optical characteristics of quartz grounds are predominately determined by the quartz:clay 
ratio. 
 
7.2.4 Influence of layer thickness on the degree of colour change of colour change of quartz-
containing ground reconstructions after wax-resin impregnation 

Colour differences between each quartz-containing ground reconstruction applied in two 
different thicknesses were calculated per ground composition before and after wax-resin 
impregnation. After impregnation, comparative colour measurements of the reconstruction 
consisting of clay, quartz and yellow iron oxide in a ratio of 4.2:0.65:0.15 recorded a difference of 
∆E* = 2.32 with a significant change in lightness between the two thicknesses (Reconstruction 
15). Interestingly no difference was measured before impregnation. With the exception of 
Reconstruction 15, comparative colour measurements did not find any differences between 
different thicknesses for quartz grounds tested (Reconstructions 14, 16, and 17). However, 
measurements of the hiding power of the quartz grounds did show variations as a function of 
thickness. All grounds were found to hide less with decreased thickness; the ground composed 
of clay and quartz in a ratio of 3.3:1.7 (Ground 16) less significantly than the three other quartz 
grounds tested (Grounds 14, 15 and 17). It was assumed these inconsistencies between colour 
measurements of the reconstructions with those of opacity charts was probably due to variations 
in ground layer thickness of the reconstructions, preventing accurate comparison. It is also likely 
that trends found on the opacity charts were emphasized by the strong tonal contrast of the 
black and white backgrounds, while the grey background of the canvas lessened differences.  
 
7.3 Conclusion 
 
The experiments discussed in this chapter examined colour changes in ground reconstructions 
that aimed to replicate the range of quartz-containing grounds used by Rembrandt. The 
reconstructions contained different proportions of ball clay, quartz sand and yellow iron oxide 
that formed a consistency that could be applied as a ground; this required prolonged grinding. 
After drying, the grounds formed suitable smooth and even surfaces to be used for painting. 
Grounds composed of clay and quartz in linseed oil provided a mid-grey hue ideal as a 
background colour for painting. The inclusion of yellow iron oxide changed this initial colour 
significantly, even though the proportion of the yellow pigment added was as small as 3%. This 
highlighted the significances of small variants in composition on ground colour. 
All reconstructions produced in this series changed colour significantly, with total colour 
differences before and after wax-resin impregnation ranging from 4.23 to 6.80 ∆E* units. Each 
L*, a*, and b* values changed significantly resulting in ground colours that were darker, greener 
and bluer. Results suggest that the colour change of this type of ground is related to its poor 
hiding power. Visual assessment and the results of colour measurements reported that most of 
the ground compositions under investigation had a very poor to extremely poor hiding power 
depending on layer thickness. The quartz ground composed of 13% quartz and 3% yellow iron 
oxide (Ground 15) had a higher hiding power than the other three tested, as it measured as 
poorly hiding when applied thinly. This series of grounds proved to have the poorest degrees of 
hiding power of all grounds tested throughout this study. This trend was most pronounced in 
reconstructions where the ground was applied thickly, while most of the grounds examined 
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throughout this study were opaque under those conditions. The poor degree of hiding at both 
thicknesses tested, explains why this series of grounds did not develop an “abraded look” after 
impregnation, but rather a nearly even discoloration. 
Results of the experiments also supported the hypothesis that the quartz addition in ball clay 
containing oil-bound grounds have a significant influence on the colour change of the grounds 
after wax-resin impregnation. In all cases the inclusion of quartz, ranging from 13% to 34%, 
resulted in grounds with poorer hiding power than grounds composed of solely ball clay in 
linseed oil. Further, trends indicated that the higher the concentration of quartz, the greater 
colour change of the ground. 
When added to the clay quartz mixtures, the influence of yellow iron oxide was also shown to be 
a potential factor on the degree of hiding power. The results of the experiments, however, 
suggested that the inclusion of the yellow pigment resulted in better hiding only when the 
proportion of quartz is 13%.  
Finally, colour measurements of the reconstructions showed that application thickness was a 
minor factor of influence. It is useful to compare this finding with the measurements of the 
hiding power of grounds that pointed to layer thickness as a significant influential variable.  It is 
possible that the experimental conditions - namely the types of support and the thicknesses of 
the grounds layers from the reconstructions – prevented this physical property from being 
measured.  
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Chapter 8 

 
INFLUENCE OF COMPOSITION AND LAYER THICKNESS ON THE 

HIDING POWER OF GROUND RECONSTRUCTIONS 
 

This chapter explores the hiding power of the thirty-one different ground types used for 
the reconstructions in this thesis. However, due to the inherent irregularity of canvas, 
this could not be carried out on the reconstructions themselves, and was instead 
completed by applying the grounds onto opacity charts using a drawdown bar. This 
allowed for the production of samples with precise and consistent ground thickness over 
both black and white backgrounds with standardized reflectance.1 Data and observations 
gained from this study were then used to inform the interpretation of colour 
measurements made from the reconstructions. The first section of this chapter describes 
the experimental methods used followed by a discussion of the results of colour 
measurements of each ground type.  
 
 
8.1 Experimental 
 
8.1.1 Composition of the samples and methods used for ground application 
 
The grounds used for making samples discussed in the present chapter were identical to those 
produced for the reconstructions on canvas. The applications of the ground types to opacity 
charts and canvas were carried out simultaneously to enable comparison between the materials 
applied to different supports. Exceptions were the samples produced with lead white and the 
lead white and chalk containing oil grounds that were painted out on opacity charts between 
eighteen and twenty-four months later than on canvas and the glue grounds composed of red 
iron oxide and tile red that were painted out on opacity charts two months after the 
reconstructions on canvas. Although the same recipes and materials were used in each instance, 
there were differences in the making process, including grinding methods, which made the 
samples and reconstructions not strictly comparable. For example, the lead white grounds 
applied on the opacity charts had a smoother consistency due to a longer grinding time. This is 
likely to have had an influence on the physical properties of the ground layers produced and was 
therefore taken into account during the interpretation of colour measurements.2  

                                                 
1 W. Herbst and K. Hunder, Industrial Organic Pigments, Production, properties, applications, 2nd ed. (Weinheim: VCH, 
1997), 55 and 129; Leonard Schaeffer, “Hiding power,” Paint and Coating Testing Manual, ed. Koleske, 4th ed. of the 
Gardner-Sward handbook (Philadelphia: ASTM, 1995), 481 and 490; 
2 Although the same recipe and materials were used for both applications, the grinding for the application on the 
opacity charts resulted in a smoother ground which probably decreased pigment particle size. It was assumed that 
this may have impacted the physical properties of the ground layers produced, as paint made with pigment of 
smaller dimensions results in increased light scattering and the uniformisation of pigment particles size distribution 
decreases hiding power (see chapter 1.2.1). Since the method used for the preparation of the ground only involved 
manual grinding, it was judged very unlikely that the lead white pigment particles reached sufficient evenness to 
decrease the hiding power of the ground. Most probably the decrease of the pigment particle size produced a paint 
with more hiding power than the one used for the reconstructions.  
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The grounds were applied onto two types of opacity chart, both produced by the firm Leneta: 
form 2A, 140 x 254 mm, a sealed opacity chart composed of two large black and white areas (fig. 
1) and form N9A, 140 x 254 mm, a semi-porous (unlacquered) opacity-display chart that 
“combines a black and white diagonally striped pattern with strong visual impact that helps to 
emphasise variation in film opacity and a large unbroken black and white area that permits the 
use of wide aperture photometric measurements” (fig. 2).3 The forms also have different surface 
properties, with N9A simulating wood or “unsealed wallboard”. As these are characteristics 
considered suitable for measuring the hiding power of grounds applied to absorbent linen, form 
N9A was used systematically while 2A was only occasionally used. The text specifies only when 
form 2A was used.  
 

 

Fig. 1 Form 2A, opacity chart, Leneta Co  Fig. 2 Form N9A, opacity-display chart by Leneta Co  

 
Grounds were applied in single layers using drawdown bars with gap sizes of 50, 100, 150, and 
200 microns (figs. 3 and 4). One chart was produced per type of ground and thickness. With a 
few exceptions, this chapter analyses the results of ground applications at 50 and 200 microns 
only. It should also be noted that though these methods provided the opportunity to produce 
ground layers of even thicknesses, it is very likely that the thickness obtained after drying differed 
from the measurement of the gap size, most commonly drying thinner. This discrepancy was due 
to the absorbency of the substrate as well as the drying process of the paint (see chapter 1.2.2). 
Measurements of ground applications at 200 and 50 microns guaranteed a sufficient difference in 
order to address the question of thickness discussed in this section of the thesis. Therefore, the 
text rarely specifies the gap size used, instead referring to thick and thin layers.  

  

                                                 
3 Product catalogue, www.leneta.com, accessed October 2017. 
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Fig. 3 Baker film applicator, Elcometer. Photo by J. 
Schlomoff. 
 

Fig. 4 Ground application on form N9A with 
drawdown bar. Photo by J. Schlomoff. 

 

The ground sample produced with chalk in animal glue was partly impregnated with wax-resin. 
This pilot experiment was carried out in order to assess the change in hiding power of the 
ground when impregnated with the adhesive. For this experiment the wax-resin was brushed 
over the surface of the ground and melted with a hot spatula. Once the layer was fully 
impregnated (the colour change monitoring this effect) excess adhesive was wiped off in order to 
minimize wax-resin residues on the ground surface. 
 
8.1.2 Age of the ground samples 
 
After application, samples were aged naturally in indoor conditions. The age of samples at the 
time of the colour measurements varied per series, though it usually corresponded to the one of 
the reconstructions, with the exceptions mentioned above.4 A series of ground samples (not 
produced on canvas) composed of oil bound grounds containing raw umber and chalk had to be 
repeated due to the blanching of the samples applied on absorbent charts. This new series (3bis 
and 4bis) was produced in a late phase of the research and was therefore only four months old 
when measured.  
Most of the colour measurements of the samples on opacity charts were performed in the same 
week as those of the reconstructions, apart from the exceptions mentioned above. Comparative 
colour measurements of ground samples composed of ball clay and quartz were carried out 
within one month of their making. However, as the colour difference measured was minor, it 
was concluded that repeating the measurements within a time lapse of one month was 
acceptable. 
 
  

                                                 
4 The age of each reconstruction is mentioned in the text in the previous chapter. 
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8.1.3 Colour measurements and calculation of hiding power 
 
The procedures used for colour measurements and the calculation of the degree of hiding power 
followed the ones described in chapter 4.  
 
8.1.4 Physical characteristics of the ground samples after natural ageing and implications for 
colour measurements 
 
Blanching and gloss differences 
 
Occasionally, oil grounds blanched in areas corresponding to the black substrate of form N9A 
(fig. 5). An irregular gloss was also seen on the surface of some ground samples corresponding to 
the coloured zones of the chart with glossier areas corresponding to the black background (fig. 
6). 
 

  

Fig. 5 Form N9A painted out with oil bound ground 
composed of chalk and raw umber. The blanching of the 
ground is visible in areas corresponding to the black 
background of the substrate. 

Fig. 6 Form N9A painted out with oil bound ground 
composed of lead white and raw umber. The ground 
layer over the black substrate is glossier than the same 
ground applied over the white substrate. 

 
It is probable the cause of these irregularities was due to different levels of absorption of the oil 
medium into the unsealed chart. This hypothesis is supported by the lack of this phenomenon 
on ground samples applied to form 2A which has a sealed surface. Cross-sections produced 
from both charts showed that the black substrate of form 2A was sealed with a coating 
(fluorescent in UV) which was absent on form N9A (figs. 7 and 9). The light microscopic 
examination has not evidenced the same difference in the white substrates (figs. 8 and 10). The 
presence of an overall coating on form 2A is however likely, accounting for the even gloss 
observed on the surface. This indicated that the black and white backgrounds of form 2A had 
identical absorption properties, while form N9A may absorb more in white areas due to the local 
presence of the ink and the absence an overall coating. 
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Fig. 7 Light microscopic image of a cross-section from 
the black background of form N9A (UV radiation). The 
black ink (grey arrow) is applied over the white paper 
(light blue fluorescence). The photograph was over 
exposed and sharpened in order to aid the visualization 
of the black line.  

Fig. 8 Light microscopic image of a cross-section from 
the white background of form N9A (UV radiation). The 
white paper (light blue fluorescence) has no coating. 

  

Fig. 9 Light microscopic image of a cross-section from 
the black background of form 2A (UV radiation). The 
black ink layer (grey arrow) is coated with an organic 
material (white arrow). The white paper is underneath the 
black ink layer (light blue fluorescence). The 
photograph was over exposed and sharpened in order 
to aid the visualization of the black line. 

Fig. 10 Light microscopic image of a cross-section 
from the white background of form 2A (UV radiation). 
The white arrow indicates a possible coating (light blue 
fluorescence) on top of the white paper. 

 
Assessing the hiding power of the ground samples that presented blanching or gloss differences 
was particularly difficult since colour comparison between areas of ground over the black and 
white backgrounds was not possible. A solution was to carry out colour measurements from 
samples 100 or 150 micron thick instead of 50 or 200. Furthermore, since irregularities were 
observed only in areas of the ground corresponding to the black substrate, comparison of colour 
data from the white substrate was possible, and provided some indication of the influence of 
thickness on the colour and hiding power of the ground (though this cannot be decisive). In 
some cases, samples produced on the sealed charts were used instead of the unsealed.  
Comparative colour measurements carried out on samples composed of similar grounds applied 
over the two types of substrate showed that in most cases the hiding power of oil grounds 
applied on sealed charts was poorer or similar to when applied on absorbent charts (table 2). It is 
likely that part of the binding medium of the ground was absorbed by the porous substrate of 
the chart, thus reducing the pigment volume concentration and possibly increasing the hiding 
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power of the pigmented coating.5 This trend was used for the interpretation of colour 
measurements from sealed opacity charts in relation to absorbent substrates. 
 
Table 2 Comparison of the degree of hiding power of ground samples applied over opacity charts, forms N9A and 
2A.  
 

Ground type 
Gap-size of the draw down bar 
used for ground application 

Type of opacity chart ∆E* (a) 

Chalk, yellow iron oxide and raw 
umber 4.9:0.05:0.05 in linseed oil 

200 
N9A 3.55 
2A 6.46  

50 
N9A - 
2A 30.51 

Chalk, yellow iron oxide and raw 
umber 4.5:0.25:0.25 in linseed oil 
 

200 
N9A 1.28 
2A 0.55 

50 
N9A 4.69 
2A 10.8 

Lead white in linseed oil 
200 

N9A 2.90 
2A 1.95  

50 
N9A 14.01 
2A 12.74 

Lead white and chalk 2.5:2.5 in 
linseed oil 

200 
N9A 3.05 
2A 2.91 

50 
N9A 17.64 
2A 20.38 

Lead white and chalk 1:4 in linseed 
oil 
 

200 
N9A 7.03 
2A 7.99 

50 
N9A 23.87 
2A 31.99 

(a): Colour differences were calculated by comparing colour data of the ground on the white background with those of the 
ground on the black background per type of opacity chart and application thickness. The larger the total colour difference (∆E*) 
the poorer the hiding power of the ground. 

 
Other physical particularities 
 
Other physical particularities specific to certain samples included colour and thickness 
irregularities of the ground layers. For example, the chalk containing oil bound ground applied 
thickly exhibited a mottled surface. Spots for colour measurement were therefore carefully 
selected so that the effect was similar for each. Another example included the oil-bound ground 
samples composed of chalk, yellow iron oxide and raw umber in a ratio of 4.9:0.05:0.05 (Ground 
6). When applied thickly this ground presented colour shifts. For the study only the darker areas 
were considered due to their larger surface dispersion. Finally, quartz-containing oil-bound 
ground samples exhibited dark stripes perpendicular to the length of card, randomly distributed 
and never longer than 1.5 cm (fig. 11). This effect was probably due to the local change of layer 
thickness caused by the drawdown bar. Spots for colour measurement were again specifically 
chosen in order to avoid the stripes.  
 

                                                 
5 Yoshiko Shimazu, “Chemical and Optical Aspects of Appearance Changes in Oil Paintings From the 19th and 
Early 20th Century” (PhD thesis, University of Amsterdam, 2015), 28.  
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Fig. 11 Opacity-display chart N9A (details) painted out with two different quartz containing ground types applied 
thinly. The uneven application resulted in darker stripes (grey arrow). 

 
8.2 Results and discussion 

The following text outlines the trends in hiding power seen in the ground samples on opacity 
charts. Accompanying tables, in the main body of the text, summarise the main results of colour 
measurements and include photographs of the samples. Colour differences 1 and 2 were 
calculated by subtracting colour measurements data from ground areas painted over the white 
substrate from measurements from ground areas over the black substrate. This demonstrated 
that poor hiding resulted in an increased lightness, indicated in the table by a positive sign in 
front of the result of the total colour difference. Colour difference 3 was calculated from colour 
data of ground areas painted in different thicknesses over the white background. Colour 
difference was calculated by subtracting colour measurements taken in ground areas of a 50 μm 
thickness from those of 200 μm. Raw data and colour difference calculations can be found in 
Appendices B3 and B4. 
 
8.2.1 Grounds containing one pigment type 
 
The first set of samples discussed includes grounds consisting of one pigment type bound either 
in linseed oil or animal glue. Though these types of ground are rarely found in preparatory layers 
of seventeenth century Netherlandish paintings, measurements of their hiding power were key in 
the present research as reference points for identifying the influence of the proportion of chalk, 
raw umber, lead white, yellow iron oxide, ball clay and quartz on the hiding power of other 
grounds. Furthermore, results of comparative colour measurements revealed the influence of the 
binding medium on the degree of hiding power.  
 
Grounds containing one pigment type in linseed oil 
 
Comparative colour measurements found that clay containing grounds applied thinly had the 
poorest hiding power of all nine oil bound grounds composed of one pigment type. The ground 
consisting of ball clay was more hiding than the ground composed of Maas river clay with ∆E* = 
26.66 and 31.96 respectively. This result was not consistent when both grounds were applied 
more thickly since then the hiding power of the ball clay containing ground was the poorest with 
∆E* = 15.77 and 10.75. This result showed that the increased thickness significantly influenced 
the degree of hiding power of the Maas river clay ground. Absorbent opacity charts were used 
for ball clay ground applications while the sealed charts were used for the river clay ground. 
According to preliminary tests that compared measurements from both charts, it is probable that 
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river clay ground would be more hiding when applied on an absorbent chart. Other similar 
comparative colour measurements showed that the hiding power of the chalk containing oil-
bound ground was amongst the poorest of the series with ∆E* = 17.29 when applied thinly and 
∆E* = 9.78 when applied more thickly. Measurements also recorded the very poor hiding power 
of the ground composed of lead white in oil (∆E* = 14.01) when applied thinly. This property 
decreased with the increased thickness of the ground application, though remained poor, as ∆E* 
= 2.90. The sample of the ground composed of tile red in oil also showed poor hiding when 
applied thinly. In this case, the sample applied at 200 microns thick was not measured, but 
comparative colour measurements were instead carried out on the sample at 150 microns which 
revealed that the tile red containing oil-bound ground was opaque when applied more thickly. 
The ground sample with red iron oxide in oil was found to be opaque when thinly applied and 
measurements on the more thickly applied ground could not be carried out due to gloss 
irregularities. Nonetheless it is very likely that the ground was also opaque at greater thicknesses. 
Finally, comparison of the colour measurements of samples painted out with oil-bound grounds 
consisting of yellow iron oxide, raw umber and charcoal black showed them to be opaque at 
both thicknesses tested. The hiding power of the raw umber oil-bound ground was measured on 
the sealed opacity charts due to the gloss irregularities that occurred on the absorbent chart. 
Since preliminary tests showed that the degree of hiding power measured on sealed charts is less 
than on absorbent charts it was safe to assume that the oil-bound ground composed of raw 
umber was opaque at both thicknesses when applied over an absorbent substrate. Table 3 
illustrates the ground samples and summarises results of comparative colour measurements of 
this ground series. 
 
Table 3 Summary of colour measurements data from oil-bound grounds containing one pigment type applied on 
opacity charts and photographs of the ground samples. 
 
Ground reference 

Opacity chart 
50 μm 200 μm, unless otherwise stated Degree of 

hiding 
power 

∆E*3 

∆E*1 Photograph ∆E*2 Photograph 

Ball clay. 
Opacity chart N9A. 
 

+26.22 

 

+15.77 

 

Extremely 
poor to 
very poor 

+15.57 

Maas river clay. 
Opacity chart 2A. 
 

+31.96 

 

+10.75 

 

Extremely 
poor to 
very poor 

+20.39 
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Chalk. 
Opacity chart N9A. 
 

+17.29 

 

+9.78 
 

 

Very poor 
to poor 

+5.03 

Lead white. 
Opacity chart N9A. 
 

+14.02 

 

+2.90 

 

Very poor 
to poor +1.29 

Red tile. 
Opacity chart N9A. 
 

+3.85 

 

<1 
(150 
microns) 

 

Poor to 
opaque 

+5,55 

Yellow iron oxide. 
Opacity chart N9A. 
 

<1 

 

<1 
(100 
microns) 

 

Opaque -1.22 

Red iron oxide. 
Opacity chart N9A. 
 

<1 
 

 

? 
 

 

Opaque +1.1 

Raw umber. 
Opacity chart N9A. 
 

- 

 

- 
(150 
microns) 

 

? <1 
 

Raw umber. 
Opacity chart 2A. 
 

<1 

 

<1 

 

Opaque 
<1 
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Charcoal black. 
Opacity chart N9A. 
 

<1 
 

 

<1 
 

 

Opaque <1 

 
Grounds consisting of one pigment type in animal glue 

 
Comparative colour measurements of the six grounds consisting of one type of pigment in 
animal glue over the black and the white substrates found that all grounds were opaque when 
applied thickly. Most of these remained opaque when applied more thinly, with the exception of 
those composed of chalk and yellow iron oxide, which exhibited ∆E* = 6.75 and 2.33 
respectively. The ground samples composed of chalk were partly impregnated with wax-resin 
and colour measurements showed that under these conditions the hiding power decreased at 
each thickness of application compared to colour data from the non-impregnated ground. 
Results also showed an increased discrepancy between the degree of hiding of the ground and 
thickness. Measurements of the tile red containing ground sample suggested that the ground was 
poorly hiding the substrate when thinly applied, as ∆E* = 1.34. However, the comparative 
measurements of the ground over the white substrate at both thicknesses tested revealed no 
colour change - suggesting that the hiding power of the ground did not change as a result of 
differing thickness. The opacity of the ground at both thicknesses was further supported by 
visual assessment. The sample made with the red iron oxide containing ground applied thinly 
exhibited gloss irregularities that compromised comparative colour measurements of ground 
areas over both the black and white substrates. Instead, the comparison included only colour 
measurements taken over the white substrate. This revealed a colour change with a decrease of 
lightness when the ground was thinly applied compared to the one applied more thickly (∆E* = 
1.05). This showed the influence of the white background when the ground is thinly applied, 
indicating a poor hiding power of the ground under these conditions. Table 4 illustrates the 
ground samples and summarises results of comparative colour measurements of this ground 
series. 
 
Table 4 Summary of colour measurements data from animal glue-bound grounds containing one pigment type 
applied on opacity charts and photographs of the ground samples. 
 
Ground reference 

Opacity chart 
50 μm 200 μm Degree of 

hiding power 
∆E*3 

∆E*1 Photograph ∆E*2 Photograph 

Chalk. 
Opacity chart N9A. 
 

+6.75 

 

<1 

 

 
Poor to 
opaque  
 

+1.08 



Influence of ground composition and layer thickness on hiding power 

 

289 
 

Chalk with wax-
resin. 
Opacity chart N9A. 
 

+12.56 

 

+3.54 

 

 
Very poor to 
poor 
 

+5.28 

Yellow iron oxide. 
Opacity chart N9A. 
 
 

+2.33 

 

<1 

 

Poor to 
opaque  
 

+1.05 

Red tile. 
Opacity chart N9A. 
 

+1.34 

 

<1 

 

Opaque 
 

<1 

Red iron oxide. 
Opacity chart N9A. 
 

? 
 <1 

 

 
Opaque when 
thickly applied 

+1.05 

Raw umber 
Opacity chart N9A. 
 

<1 
 

<1 

 

Opaque <1 
 

 
Conclusion 
 
The methods used to evaluate the results experiments included both visual assessment and 
comparative colour measurements of samples produced with ground composed of one pigment 
type in either linseed oil or animal glue. Results found that layer thickness, type of pigment and 
binding medium, as well as the degree of absorption of the substrate together influenced the 
degree of hiding power (see appendix 2 for fundamental optics on concepts of opacity and 
hiding power). 
For the experiment, a series of grounds was produced using the same set of five pigment types in 
linseed oil and animal glue. Practical observation showed no significant trends regarding the 
hiding power of grounds as a function of the type of binding medium which, in return, 
emphasized the influence of pigment type. In general, all pigments tested, with the exception of 
chalk, produced opaque ground layers in both oil and glue media when applied thickly. When the 
ground layers were more thinly applied only those composed of raw umber and red iron oxide 
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were opaque on drying regardless of binding medium. The other grounds showed different 
behaviours depending on the binding medium used. For example the ground composed of 
yellow iron oxide was opaque in linseed oil, while when applied in animal glue it showed poor 
hiding power. Tile red containing grounds exhibited opposite trends, opaque when bound in 
animal glue but exhibiting poor hiding power when applied thinly in linseed oil. Finally, the chalk 
containing grounds showed poor hiding power when applied thinly in both binding media, the 
oil-bound ground being markedly less hiding that the ground in animal glue. When the chalk oil-
bound containing ground was applied more thickly it remained poorly hiding while the animal 
glue-based sample composed of chalk became opaque when more thickly applied. 
The full range of oil-bound grounds tested in the experiment extended beyond the five pigment 
types discussed in the previous paragraph. When considering all samples, experiments showed  
that the degree of hiding power was dependent on the pigment content. Furthermore, although 
the grounds composed of raw umber, red iron oxide, yellow iron oxide and charcoal black 
remained opaque regardless of thickness, this variable was significantly influential upon the 
grounds consisting of ball clay, Maas river clay, chalk, lead white and tile red. It is important to 
note that with the exception of tile red none of these later ground types were opaque when 
applied more thickly, though their hiding power increased. The optical properties of each 
ground, as measured on the opacity charts, are related to the difference of refractive index of 
each pigment with that of linseed oil. For example, the grounds that remained opaque regardless 
of application thickness have refractive indices ranging from 1.87 to 3.01, high enough for to 
guarantee the opacity of these grounds even when thinly applied. On the contrary the refractive 
of indices of chalk ranging between 1.64 and 1.66 are very close to that of linseed oil  (ca. 1.5) 
thus explaining the poor hiding of this ground even if thickly applied. The refractive indices of 
the clay rich containing pigments (ball clay, Maas clay and tile red) are unknown. They are, 
however, expected to be relatively low. The refractive index of lead white is a mid-range (2.09) 
that explains why the oil-bound ground composed of this pigment varied from poorly hiding to 
opaque depending on thickness.  
The next series of experiments investigated whether the poor hiding power of chalk and ball clay 
containing oil-bound grounds is influenced by the inclusion of raw umber, yellow iron oxide and 
lead white. A series of oil-bound grounds composed of ball clay, combined with quartz sand with 
and without yellow iron oxide, were also examined. 
 
8.2.2 Grounds composed of yellow iron oxide and/or raw umber with and without chalk in 
linseed oil 
 
The purpose of the second experiment was to assess the influence of chalk on the hiding power 
of oil bound grounds containing yellow iron oxide and raw umber in different proportions. The 
previous experiment provided evidence for the influence of the type of pigment on the degree of 
hiding power of oil-bound grounds. Results also showed the very poor hiding power of chalk 
containing oil grounds regardless of layer thickness, whereas grounds composed of purely raw 
umber or yellow iron oxide were opaque at all thicknesses tested. Since mixtures of chalk, yellow 
iron oxide and raw umber were often found in the grounds of the paintings examined in this 
study, and seventeenth century Netherlandish paintings on canvas in general, an investigation of 
the hiding power of these mixtures was essential to this study. The proportions of chalk tested 
ranged from 90% to 98%.  
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Oil-bound grounds composed of chalk and yellow iron oxide 
 
Comparative colour measurement of oil-bound ground samples composed of chalk and yellow 
iron oxide in ratios of 4.9:0.1 (Ground 1) and 4.5:0.5 (Ground 2) applied thinly over the black 
and the white substrates revealed the very poor hiding power of both grounds with ∆E* = 17.90 
and 10.56 respectively. The results also showed that the ground containing the highest 
proportion of chalk had the poorest hiding power (Ground 1), therefore suggesting that the 
proportion of chalk was influencing the hiding power of the overall ground. Since the ground 
composed of yellow iron oxide in linseed oil was opaque when thinly applied (see previous 
section) it was then clear that it was the inclusion of chalk that caused the poor hiding of the 
grounds. Furthermore, comparative colour measurements of the ground containing the lowest 
proportion of chalk when more thickly applied showed an increase of hiding power as ∆E* = 
7.72 (Ground 2). A similar comparison was not carried out for the ground containing the highest 
proportion of chalk  due to blanching of the ground over the black substrate (Ground 1). 
Nevertheless, measurements from areas of the ground over the white background at both 
thicknesses revealed the significant colour difference of ∆E* = 6.95, with an increased lightness 
of 6.40 ∆L*. This demonstrated the influence of the white background on the colour of the 
ground and was also suggestive of a decrease of hiding power with a decrease of thickness. 
Although this data was not sufficient to assess the influence of the proportion of chalk on the 
hiding power of the grounds when more thickly applied, it can be presumed that the ground had 
a poor hiding power due to the higher proportion of chalk. Table 5 illustrates the ground 
samples and summarises results of comparative colour measurements of this ground series. 
 
Table 5 Summary of colour measurements data from oil bound grounds containing chalk and yellow iron oxide 
applied on opacity charts and photographs of the ground samples. 
 

Ground reference 
Opacity chart 

50 μm 200 μm Degree of 
hiding 
power 

∆E*3 

∆E*2 Photograph ∆E*1 Photograph 

Ground 1 : chalk and 
yellow iron oxide 
4.9:0.1 in linseed oil. 
Opacity chart N9A. 
 

+17.90 

 

? 

 

Very poor +6.95 

Ground 2 : chalk and 
yellow iron oxide 
4.5:0.5 in linseed oil. 
Opacity chart N9A. 
 

+10.56 

 

+7.72 
 

 

Very poor 
to poor 

+1.57 
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Oil-bound grounds composed of chalk and raw umber 
 
The influence of the proportion of chalk on the hiding power of oil-bound grounds was further 
examined by colour measurements of ground samples composed of chalk and raw umber in 
ratios of 4.9:0.1 (Ground 3) and 4.5:0.5 (Ground 4). Unfortunately, the blanching of large areas 
of these samples compromised most of the measurements of the ground applications on 
absorbent opacity charts. Samples produced with 90% chalk provided no data (Ground 4) and 
those produced with 98% chalk were only partially useable. The latter showed that the thinly 
applied ground layer had a poor hiding power (∆E* = 18.18 (Ground 3)). Further, comparative 
colour measurements of areas of the ground over the white absorbent background at both 
thicknesses revealed that the colour of the ground changed by 15.20 ∆E* units, with a decreased 
lightness of 14.99 ∆L* units. This result suggested that the white background was less influential 
upon the thicker ground, indicating an increased hiding power of the ground. Applications on 
sealed cards revealed that when applied thinly the ground with the highest proportion of chalk 
had an extremely poor hiding power as ∆E* = 25.63 (Ground 3). When applied more thickly, 
colour measurements revealed a total colour difference of 3.42 ∆E* units indicating that the 
ground hid more though remained poor. Although results showed that the inclusion of chalk in 
the raw umber containing oil ground significantly influenced its degree of hiding power, the 
experiment was not conclusive for comparing the effect of different chalk proportions.  
To compensate for the lack of data from this series of samples, replicas of the grounds were 
produced in a later phase of the research and applied on sealed opacity cards (Grounds 3bis and 
4bis). For these samples a different batch of raw umber had to be used, which exhibited a slightly 
different tone than initial samples, and therefore the data from the two sets of samples cannot be 
strictly compared. Nevertheless comparative colour measurements showed that the decreased 
proportion of chalk resulted in lower hiding power of the raw umber containing oil-bound 
grounds at both thicknesses tested. Table 6 illustrates the ground samples and summarises results 
of comparative colour measurements of this ground series. 
 
Table 6 Summary of colour measurements data from oil-bound grounds containing chalk and raw umber applied 
on opacity charts and photographs of the ground samples. 
 
Ground reference 50 μm 200 μm Degree of 

hiding power 
∆E*3 

∆E*2 Photograph ∆E*1 Photograph 

Ground 3 : chalk 
and raw umber 
4.9:0.1 in linseed oil.  
Opacity chart N9A. 

+18.18 

 

? 

 

Very poor 
when applied 
thinly 

+15.20 

Ground 3 : chalk 
and raw umber 
4.9:0.1 in linseed oil.  
Opacity chart 2A. 

+25.63 
 

 

+3.42 
 

 

Extremely 
poor to poor +15.62 
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Ground 3bis : chalk 
and raw umber 
4.9:0.1 in linseed oil. 
Opacity chart 2A. 

+16.6 
 

 

+6.66 
 

 

Very poor to 
poor 

+7.84 

Ground 4bis :  
chalk and raw 
umber 4.5:0.5 in 
linseed oil. 
Opacity chart 2A. 

+13.05 
 

 

+2.98 
 

 

Very poor to 
poor +8.04 

 
Oil-bound grounds composed of yellow iron oxide and raw umber with and without chalk 
 
The final experiment discussed in this section examined the influence of the proportion of chalk 
on the hiding power of three types of ground composed of chalk, yellow iron oxide and raw 
umber in different ratios (Grounds 6, 7, and 8). In most cases, ground samples applied thinly on 
absorbent charts exhibited either blanched areas or gloss irregularities, which compromised 
colour measurements and therefore the assessment of hiding power. Instead, ground samples 
applied thickly on absorbent charts and ground samples on sealed charts were examined.  
Measurements of the ground composed of yellow iron oxide and raw umber without chalk over 
the black and the white absorbent substrates found no colour difference, indicating that the 
ground was opaque when applied thickly (Ground 5). Furthermore, measurements of the ground 
over the white substrate at both thicknesses recorded a total colour difference of 1.45 ∆E* units, 
with an insignificant difference in lightness. This raised doubts regarding a change of hiding 
power as a function of thickness. Comparative colour measurements of the ground when applied 
thinly on the sealed opacity charts recorded no colour difference, suggesting that it was opaque 
under these conditions. Taking into account that the use of sealed opacity charts caused oil 
grounds to be less hiding than when applied on absorbent charts, it was therefore safe to assume 
that the ground composed of raw umber and yellow iron oxide without chalk was opaque when 
applied thinly on an absorbent substrate.  
Comparative colour measurements over the black and white substrates of the ground composed 
of chalk, yellow iron oxide and raw umber in a ratio of 4.9:0.05:0.05 in linseed oil  reported a 
poor hiding power of the ground when thickly applied (∆E* = 3.55) (Ground 6). Although the 
condition of the samples produced with a thinner ground layer prevented a calculation of hiding 
power, it is probable that the hiding decreased with the decrease of thickness, as indicated by 
measurements from ground areas over the white background at both thicknesses (∆E* = 13.69). 
Furthermore, comparisons over the black and white substrates of the ground applied on sealed 
opacity charts demonstrated its poor hiding power when applied thickly (∆E*= 6.46) and 
extremely poor hiding power when more thinly applied (∆E* = 30.51). It can therefore be 
assumed that the ground, composed of 98% chalk, had a poor hiding power at least, when 
applied thinly on an absorbent substrate. 
The second ground type studied was composed of chalk, yellow iron oxide and raw umber at a 
ratio of 4.7:0.15:0.15 in linseed oil (Ground 7). Measurements showed the poor hiding power of 
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the ground when applied thickly (∆E* = 1.17). This value, however, fell within the standard 
deviation measured for this study and visual assessment supported the opacity of this ground at 
this thickness. The ground samples applied more thinly exhibited blanching that prevented 
colour measurements of the ground under these conditions. 
The final type of ground examined in this series contained the lowest proportion of chalk (90%), 
in a mixture of chalk, yellow iron oxide and raw umber at a ratio of 4.5:0.25:0.25 (Ground 8). 
Measurements of the ground over the black and white substrates recorded a total colour 
difference of 4.69 ∆E* units suggesting the poor hiding power of the ground when thinly 
applied. This result is also found in measurements of the ground thinly applied on sealed opacity 
charts. Under these conditions, however, the degree of hiding is much less, with ∆E* = 10.81. 
Other measurements showed the poor hiding power of the ground when applied thickly on 
absorbent charts (∆E* = 1.28). Visual examination did not support this result and reported an 
opaque ground. This assessment was emphasized by comparative colour measurements of the 
ground over the black and white substrate of the sealed opacity chart.  
The results of the experiments showed that the proportion of chalk significantly influenced the 
hiding power of oil-bound grounds containing both raw umber and yellow iron oxide. Ground 
samples that contained no chalk were opaque in both thicknesses tested. This result was in 
agreement with colour measurements of grounds made from either of these pigments alone that 
were opaque at both thicknesses tested. Although the experiment was challenged by 
characteristics of the samples on absorbent charts, it was possible to identify consistent trends 
that concluded that oil-bound grounds composed of pigment mixtures including chalk, yellow 
iron oxide and raw umber exhibited a poor hiding power when the proportion of chalk was at 
least 90%. When chalk was used in these proportions the hiding power varied as a function of 
application thickness as the ground exhibited a poor hiding power when thinly applied and was 
opaque when the layer was applied more thickly. In comparison, colour measurements of 
grounds containing 94% and 98% chalk showed that that the grounds hide extremely poorly 
when applied thinly and poorly when the applications were thicker. Interestingly the experiment 
revealed that the higher the proportion of chalk in yellow iron oxide and raw umber-containing 
ground the less hiding the ground. Table 7 illustrates the ground samples and summarises results 
of comparative colour measurements of this ground series. 
 
Table 7 Summary of colour measurements data of reconstructed oil-bound grounds consisting of yellow iron oxide 
and raw umber with and without chalk on opacity charts, forms N9A and 2A and photographs of the ground 
samples. 
 
Ground reference 

Opacity chart 
50 μm unless otherwise 

mentioned 
200 μm Degree of 

hiding 
power 

∆E*3 

∆E*2 Photograph ∆E*1 Photograph 

Ground 5 : yellow 
iron oxide and raw 
umber 2.5:2.5 in 
linseed oil.  
Opacity chart N9A. 

? 

 

<1 

 

Opaque 
when thickly 
applied 

+1.45 



Influence of ground composition and layer thickness on hiding power 

 

295 
 

Ground 5 : yellow 
iron oxide and raw 
umber 2.5:2.5 in 
linseed oil.  
Opacity chart 2A. 

<1 

 

- - 
Opaque 
when thinly 
applied 

- 

Ground 6 : chalk, 
yellow iron oxide, 
raw umber 
4.9:0.05:0.05 in 
linseed oil. 
Opacity chart N9A. 

? 

 

+3.55 

 

Poor when 
thickly 
applied 

+13.69 

Ground 6 : chalk, 
yellow iron oxide, 
raw umber 
4.9:0.05:0.05 in 
linseed oil.  
Opacity chart 2A. 

+30.51 

 

+6.42 

 

Extremely 
poor to 
poor 

+16.12 

Ground 7 : chalk 
yellow iron oxide, 
raw umber 
4.7:0.15:0.15 in 
linseed oil. 
Opacity chart N9A. 

? 
150 
microns 

 

+1.17 

 

Opaque at 
200 microns 

+8.52 

Ground 8 : chalk, 
yellow iron oxide 
and raw umber 
4.5:0.25:0.25 in 
linseed oil. 
Opacity chart N9A. 

+4.69 

 

-1.28 

 

Poor to 
opaque 

+14.67 

Ground 8 
Chalk, yellow iron 
oxide and raw 
umber 4.5:0.25:0.25 
in linseed oil 

+10.81 

 

<1 

 

Poor to 
opaque 

 
 
+11.96 

 
Conclusion 
 
The experiment revealed that the proportion of chalk was a significant factor for the degree of 
hiding power of oil-bound grounds composed of yellow iron oxide and/or raw umber. Most of 
the ground compositions that contained a proportion of 90% chalk exhibited poor hiding power 
when applied thinly and only some were opaque when more thickly applied. With 94% chalk all 
grounds tested had a poor hiding power regardless the application thickness. Increasing the 
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proportion of chalk proportion to 98% resulted in a further decrease of hiding power. 
Comparative study of the results obtained from colour measurements of ground samples that 
contained the chalk with yellow iron oxide and/or raw umber revealed that the use of raw umber 
tends to increase significantly the of hiding power compare to yellow oxide, thus showing the 
influence of the type of iron oxide pigment on the degree of hiding power (Grounds 3 and 6). 
 
8.2.3 Oil bound grounds composed of lead white and chalk with and without raw umber 
 
The influence of the proportion of chalk on the hiding power of oil bound grounds in relation to 
thickness was further examined with a set of samples composed of lead white in linseed oil. The 
first set investigated the hiding power of oil bound grounds consisting of chalk and lead white 
while the second included raw umber as a variable.  
 
Oil-bound grounds composed of lead white and chalk 
 
Two different types of oil-bound ground composed of chalk and lead white were examined in 
this experiment. Ground 9 contained an equal amount of both pigments while Ground 10 
consisted of chalk and lead white in the ratio of 4:1. Comparative colour measurements showed 
that all grounds exhibited a poor hiding of the black and white substrates regardless of 
application thickness. Having this said, the thinner the ground the poorer the hiding power. This 
effect was more marked for the ground composed of 80% chalk which contained a higher 
proportion of chalk than for the ground composed of 50% chalk. Similar results were obtained 
from comparative colour measurements on sealed and absorbent opacity charts.  
The experiment proved the influence of the proportion of chalk on the degree of hiding power 
of lead white containing oil-bound grounds. This was further shown when considering the 
results of colour measurements from the oil-bound ground composed of lead white only (see 
section 8.2.1 in this chapter). Comparative colour measurements showed that the ground with 
only lead white in oil had a better hiding power in both thicknesses tested than the ground 
compositions with chalk. Table 8 illustrates the ground samples and summaries results of 
comparative colour measurements of this ground series. 
 
Table 8 Summary of colour measurements data from oil-bound grounds composed of lead white and chalk applied 
on opacity charts and photographs of the ground samples 
 

Ground reference 
Opacity chart 

50 μm 200 μm Degree of 
hiding power 

∆E*3 

∆E*2 Photograph ∆E*1 Photograph 

Ground 9 : lead white 
and chalk 2.5:2.5 in 
linseed oil. 
Opacity chart N9A. 
 

+17.64 

 

+3.05 

 

Very poor to 
poor 

+3.30 
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Ground 9 : lead white 
and chalk 2.5:2.5 in 
linseed oil. 
Opacity chart 2A. 
 

+20.38 

 

+2.91 

 

Extremely 
poor to poor 

+5.15 

Ground 10 : chalk 
and lead white 4:1 in 
linseed oil.  
Opacity chart N9A. 

+23.87 

 

+7.03 

 

Extremely 
poor to poor 

+6.27 

Ground 10 : chalk 
and lead white 4:1 in 
linseed oil.  
Opacity chart 2A. 

+31.99 

 

+7.99 

 

Extremely 
poor to poor 

+6.82 

 
Oil-bound grounds composed of lead white and raw umber with and without chalk 

Gloss irregularities and local blanching of ground samples on absorbent opacity chart 
compromised the study of the hiding power of the oil grounds composed of lead white and raw 
umber with and without chalk. Only the ground composed of chalk and lead white in equal ratio 
amounts and 10% of raw umber  applied thickly on a sealed opacity chart provided useful results 
(Ground 12). Comparative colour measurements from ground areas over the black and white 
substrates recorded no difference suggesting the ground was opaque at this thickness. Further 
measurements of the colour of the ground over the white substrate of the absorbent chart also 
recorded no difference, therefore indicating that the hiding power was not influenced by 
thickness. Since preliminary tests showed that grounds applied on absorbent substrate were likely 
to have a poorer hiding power than on the sealed chart it was safe to assume that the ground 
composed of chalk and lead white in equal amounts and 10% of raw umber was opaque at both 
thicknesses tested when applied on an absorbent substrate. The comparison of colour 
measurements of the ground with the oil-bound ground composed of chalk and lead white in 
equal amounts showed that the inclusion of raw umber significantly increased the hiding power 
(Ground 9, see previous paragraph in this section). Table 9 illustrates the ground samples and 
summarises results of comparative colour measurements of this ground series. 
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Table 9 Summary of colour measurements from oil-bound grounds composed of lead white and raw umber with 
and without chalk applied on opacity charts as well as photographs of the ground samples. 
 

Ground reference 
Opacity chart 

50 μm 200 μm Degree of 
the hiding 

power 

∆E*3 

∆E*2 Photograph ∆E*1 Photograph 

Ground 12 : lead white, 
chalk and raw umber 
2.25:2.25:0.5 in linseed 
oil.  
Opacity chart N9A. 

- 

 

- 

 

Opaque? <1 

Ground 12 : lead white, 
chalk and raw umber 
2.25:2.25:0.5 in linseed 
oil.  
Opacity chart 2A. 

- - <1 

 

Opaque 
when thickly 
applied. 

- 

 
Conclusion 

Despite the poor results from the second set of samples, the experiments showed that chalk is an 
influential factor for the hiding power of lead white containing grounds. The application 
thickness was also found to be significant as two grounds tested decreased hiding power as when 
thinly applied. The addition of raw umber is likely to mitigate this effect, as colour measurements 
revealed that the ground composed of equal amounts of chalk and lead white and 10% raw 
umber was opaque when applied thickly while measurements of the ground composed of only 
lead white and chalk was poorly hiding. This indicated that raw umber in the proportion of 10% 
dramatically changed the degree of hiding power of lead white and chalk containing oil-bound 
grounds. The impact of application thickness on hiding power has not been conclusive for this 
series of samples. 
 
8.2.4 Oil bound grounds composed of ball clay and quartz with and without yellow iron oxide  
 
Hiding power in relation to thickness was examined for four variant compositions of quartz 
containing ground which differ according to the quartz:clay ratio and the inclusion of yellow iron 
oxide. Measurements of the quartz containing grounds on black and white substrates showed 
that all grounds had a poor to extremely poor hiding power regardless of the thickness of 
application. Generally, the thinner applications of quartz grounds were lighter (∆L* = 5.58; 4.19; 
3.02; 3.84) indicating the influence of the white background and suggesting the decrease of 
hiding power. The ground samples composed of clay and quartz with the highest proportion of 
quartz exhibited the least change of hiding power in relation to thickness (Ground 16).  
Comparative colours measurements of grounds composed of clay and quartz in linseed oil 
showed that the ground containing a higher quartz:clay ratio was more hiding than the ground 
with a lower proportion of quartz when applied thinly (Ground 16 and 14 respectively). The 
opposite effect was found when the same grounds were applied more thickly. The inclusion of 
yellow iron oxide emphasized the previous result, suggesting that a higher proportion of quartz 
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lowers the hiding power of the ground layer regardless of thickness (Grounds 15 and 17). Finally, 
the addition of 3% yellow iron oxide resulted in a significant increase in hiding power of quartz 
containing grounds. The influence of yellow iron oxide on hiding power was more pronounced 
in the ground containing a low proportion of sand (Ground 15). Table 10 illustrates the ground 
samples and summarises results of comparative colour measurements of this ground series. 
 

Table 10 Summary of colour measurements data of oil-bound grounds composed of quartz, ball clay with and 
without yellow iron oxide applied on opacity charts as well as photographs of the ground samples. 
 

Ground reference 
Opacity chart 

50 μm 200 μm Degree of 
hiding 
power 

∆E*3 

∆E*2 Photograph ∆E*1 Photograph 

Ground 14 : ball clay 
and quartz 4.2:0.8 in 
linseed oil. 
Opacity chart N9A. 
 

+28.94 

 

+15.41 

 

Extremely 
poor to very 
poor 

+6.80 

Ground 15 : ball clay, 
quartz and yellow 
iron oxide 
4.2:0.65:0.15 in 
linseed oil.  
Opacity chart N9A. 

+20.57 

 

+8.19 
Extremely 
poor to poor 

+6.98 

Ground 16 : ball clay 
and quartz 3.3:1.7 in 
linseed oil. 
Opacity chart N9A. 
 

+25.05 

 

+17.26 

 

Extremely 
poor to very 
poor 

+3.55 

Ground 17: ball clay, 
quartz and yellow 
iron oxide 
3.3:0.55:0.15 in 
linseed oil. 
Opacity chart N9A. 

+24.35 

 

+15.04 

 

Extremely 
poor to very 
poor 

+6.1 

 
Conclusion 
 
The experiment showed that the series of grounds tested which were composed of ball clay and 
quartz with and without yellow iron oxide all had a poor hiding power regardless the ratios of 
materials or application thickness. Investigation of the ratio of quartz to ball clay showed that in 
general, the higher the quartz the less hiding the ground. Furthermore, the addition of yellow 
iron oxide significantly increased the hiding power of the ground. An increase of application 
thickness increased the hiding power of all grounds tested, though most of them remained very 
poorly hiding.  
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Chapter 9 

 
COLOUR MEASUREMENTS FROM RECONSTRUCTIONS 
COMPARED WITH MEASUREMENTS FROM PAINTINGS 

 
Measurements of colour change in a range of ground reconstructions on canvas revealed 
that the impregnation of ground reconstructions with wax-resin adhesive showed 
significant colour changes. Results showed that the degree and nature of colour change 
including darkening and change in hue, varied according to ground composition, thus 
supporting the hypothesis on which the research was established. Factors of key 
influence included the type of organic binding medium and the nature of pigments, 
together with the proportion of chalk and/or quartz in the composition of the ground. 
The ground layer thickness was also found to have an impact. By correlating these three 
parameters, the results highlighted the relationship between the hiding power of the 
ground layers and measured colour change. The types of oil-bound ground that were 
found to be the most vulnerable were composed of chalk and yellow iron oxide with and 
without raw umber, as well as chalk and lead white.1 Furthermore, quartz and clay with 
and without yellow oxide containing oil-bound grounds were also found to undergo 
significant colour change.  
The relationship between these findings and the interpretation of colour change in the 
grounds of paintings is examined in this chapter. The aim was to determine how the 
experimental findings might predict changes observed in works of art and therefore 
inform the cause of the current condition and appearance of paintings. This chapter 
compares the results from the measurement of change after wax-resin impregnation of 
the reconstructions with measurements from paintings (see appendix B.5 for the 
locations of the spots used for colour sampling on the paintings). The question of 
whether the results of the study may support a proposition for the colour of the ground 
initially intended by the painter is discussed. 
  

                                                            
1 This list excludes the ground types composed of one sole type of pigment presented in chapter 5. 
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9.1 Jacob Jordaens, Peace Between the Romans and the Batavians, 1661-1662.  
 

 
Fig. 1 Jordaens, Peace Between the Romans and the Batavians, 1661-1662. Photo by René Gerritsen. 

 
Technical examination of Peace Between the Romans and the Batavians (Peace) by Jacob Jordaens 
(1593-1678) revealed that the dark brown ground is exposed in many areas and therefore 
significantly influences the overall appearance of the painting (fig. 1). In some parts the colour of 
the ground creates strong tonal contrasts with highlighted areas, occasionally preventing the 
accurate reading of volumes and space (fig. 2).  
 

  
Fig. 2 Jordaens, Peace Between the Romans and the Batavians, details (ca. 50 x 50 cm). 

 
Technical analysis of the preparation found that Peace is primed with a single ground layer 
composed of chalk, yellow, and orange iron oxides as well as raw umber. Measurements of the 
thickness of the ground layers from cross-sections showed that it measures a maximum of 250 
microns. The average maximum thicknesses measured from four different samples was 185 
microns (three of these samples are illustrated in fig. 4). Attempts to identify the binding medium 
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used for the ground produced inconclusive results. Based on knowledge of painting techniques 
used in this period it is likely that linseed oil was the binding medium for the ground, used either 
alone or in an emulsion made with animal glue or starch. For the present research it was assumed 
that the medium used was linseed oil.2 
Results of colour measurements carried out on reconstructions revealed that the chalk-
containing ground type with yellow iron oxide and raw umber was amongst the most vulnerable 
to colour change following wax-resin impregnation (Reconstructions 6, 7 and 8 discussed in 
chapter 6). It was also found that the degree of colour change depended on both the proportion 
of chalk and layer thickness. Examination of cross-sections with light microscopy showed that 
the amount of iron oxide pigments in the reconstructed ground composed of chalk, raw umber, 
and yellow iron oxide 4.9:0.05:0.05, was too little in order to compare to the ground of Peace 
observed in similar conditions (figs. 3 and 4 lower row). Instead the ground reconstructions with 
pigment ratios 4.7:0.15:0.15 and 4.5:0.25:0.25 provided a better match (figs. 3 and 4 top and 
bottom).  
Comparative measurements of ground areas applied in the same thickness before and after wax-
resin impregnation found that the reconstruction with the highest proportion of chalk changed 
colour perceptibly, while the others did not. Nevertheless, measurements of ground samples 
applied on opacity charts reported a poor hiding power of the ground composed of chalk, raw 
umber, and yellow iron oxide in a ratios of 4.7:0.15:0.15 and.4.5:0.25:0.25 when applied a certain 
thickness. This indicated the likeliness of these grounds to have changed colour and therefore 
that the colour of the ground of Peace was possibly modified by the treatment with wax-resin due 
to the poor hiding of the ground layer. 
 

 

                                                            
2 For a full discussion of the composition, including results of technical analysis, see chapter 1.2. 
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It was then examined whether the data collected from colour measurements of the two 
reconstructions with the lower ratio of chalk to iron oxide pigments could support a virtual 
reconstruction for the ground colour of Peace before wax-resin treatment. Comparisons of the 
colour of the ground of Peace3 with the colours of the reconstructions before and after wax-resin 
treatment revealed that none of them accurately corresponded to the painting (fig. 5). Instead, 
the colours of the reconstructed grounds were much greyer than the painting and the tonal 
values also differed - especially with the reconstruction composed of chalk, raw umber, and 
yellow iron oxide in a ratio of 4.5:0.25:0.25 that was too dark.  
  

  
 

 

   

Fig. 5 Colour fields created from the RGB values of the ground of Peace (middle column) compared with colour data 
from Reconstruction 7 (left column) and Reconstruction 8 (right column) before wax-resin impregnation (upper right and 

left quadrants) and after wax-resin impregnation (lower right and left quadrants). 

 
There are several factors that may explain the dissimilarity between the colours of the 
reconstructions and the ground from the painting. A primary reason was differences in material 
composition as minor components found in the ground of the painting, including orange and 

                                                            
3 The ground colour of Peace was measured on a photograph shot after the cleaning of the old varnish and the 
application of a new varnish composed of Paraloid B72. The photograph was calibrated with the target Colour 
Checker Classic. The RGB data used, namely 142, 97, and 55, were the average of ten sample spots (sample average 
size 11 x 11 pixels) each located in different exposed ground areas of the painting. See chapter 4 for additional 
information about the colour sampling method used. 

  
Fig. 3 Light microscopic images (bright field) of cross-
sections from Reconstructions (Rec.) 8, 7, and 6 (from top 
to bottom respectively) with the grounds composed of chalk, 
raw umber and yellow iron oxide in different ratios (the 
ground with the highest proportion of chalk is at the 
bottom, Rec. 6. and the one with the lowest is at the 
top, Rec. 8). The samples include canvas support and 
ground layer (black line). 

Fig. 4  Light microscopic images (bright field) of cross-
sections from Peace. Upper, maximum thickness is 210 
μm (upper); middle, maximum thickness is 100 μm; lower, 
maximum thickness is 210 μm. The samples include 
ground (black line) and paint layers. 
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red iron oxide as well as charcoal black were not used in the reconstructions. Furthermore, both 
the yellow iron oxide:raw umber ratio and the source of these pigments, which may have 
influenced their hue, are expected to contribute to the colour difference. In addition, it is very 
likely that the ground layer thicknesses of the reconstructions and the painting were different, 
further influencing the difference of colour change and, therefore, the incomparability of the 
grounds. Finally, the organic composition of the ground of Peace was not fully clarified and the 
use of a water-based binding medium remained an alternative that was not tested in the 
reconstructions produced in this study. The type of binding medium is however critical for the 
colour of grounds. If a water-based medium was used for the ground of Peace, then comparing 
the painting’s ground colour with the oil-based reconstructions would be inappropriate.  
 
9.2 Jacob Jordaens, Samson Defeats the Philistines, 1662.  
 

 
Fig. 6 Jordaens, Samson Defeats the Philistines, 1662. Photos by René Gerritsen. 

 
Samson defeats the Philistines (Samson) was painted by Jordaens in 1662 for the decorative ensemble 
of the Royal Palace Amsterdam (fig. 6). In this painting, similarly to Peace, Jordaens left the dark 
brown ground exposed, using it as a mid-tone in many areas of the composition. Today, the dark 
ground both contrasts strongly with light areas and merges with shadows, significantly affecting 
an accurate reading of volumes and space (fig. 7). 
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Fig. 7 Jordaens, Samson Defeats the Philistines, details (ca. 80 x 80 cm). 
 
The painting is primed with a double ground composed of an upper layer of chalk, raw umber, 
and orange iron oxide. Though the binding medium of the ground is undetermined, the present 
research assumed that it consists of linseed oil.4 
Results of colour measurements carried out on reconstructions showed that the grounds 
composed of chalk (Reconstructions 6, 7, and 8), yellow iron oxide and raw umber, which most 
closely corresponded to the upper ground layer of Samson, underwent differing degrees of colour 
change following wax-resin impregnation depending on pigment ratio and ground layer 
thickness. The examination of cross-sections with light microscopy suggested that the upper 
ground layer of Samson contained a high concentration of chalk mixed with a small amount of 
brown and orange iron oxide (fig. 9). Comparative examination with cross-sections from the 
reconstructions composed of chalk, yellow iron oxide, and raw umber in the ratios of 
4.7:0.15:0.15 and 4.5:0.25:0.25 showed that the proportion of yellow pigment is higher than the 
ground of Samson in the two cases (figs. 8 and 9 upper and middle). The microscopic examination 
of cross-sections from the reconstruction with the oil-bound ground composed of chalk and raw 
umber in a ratio of 4.9:0.1 (Reconstruction 3), exhibited a pigment distribution that better 
corresponded to Samson’s ground (figs. 8 and 9 lower row). Though the reconstructed ground 
showed a poor hiding power when applied on opacity charts with a sealed surface, comparative 
colour measurements of the reconstruction before and after impregnation did not record any 
colour difference. Since the ground of the reconstruction was applied on an absorbent substrate 
(canvas), it was assumed that this absence of colour change was due to an increased hiding 
power of the ground when applied in these conditions. Further, it is possible that the average 
layer thickness was enough to prevent colour change. Measurements taken from four cross-
sections from the painting (three of which are illustrated in fig. 9) recorded that the average layer 
thickness of the upper ground was 114 microns causing it to have poor hiding power and 
therefore be vulnerable to colour change after wax-resin treatment. However, for such a change 
to occur treatment had first to alter the optical characteristics of the lower ground layer. For this 
layer, technical analysis evidenced the use of a high proportion of chalk mixed with iron oxide. 

                                                            
4 For a full discussion on the composition of the ground, including results of technical analysis, see chapter 1.2 
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The material characteristics are therefore very similar to the upper layer, with the exception of 
raw umber that was absent from the lower layer. Light microscopy revealed the presence of a 
significant component of red iron oxide particles - a type of pigment not tested in combination 
with chalk in the present study. Instead, mixtures with yellow iron oxide were examined 
(Reconstructions 1 and 2). Comparative colour measurements of those recorded perceivable 
colour change that was in both cases likely to be due to the poor hiding power of these ground 
types. It can be assumed that a chalk containing oil-bound ground mixed with red iron oxide 
would exhibit a similar behaviour, suggesting that colour change of the lower ground layer would 
occur, and therefore affect the upper ground and the overall optical characteristics of the 
painting.  
 

   

  

   

 
Tests were then carried out to see whether colour measurements collected from the 
reconstruction composed of chalk, raw umber, and yellow iron oxide in a ratio of 4.7:0.15:0.15 
and the one composed of chalk and raw umber in a ratio of 4.9:0.1 would shed light upon the 
colour the ground of Samson before impregnation. Comparison of the ground colour of the 

Fig. 8  Light microscopic images (bright field) of cross-
sections from Reconstructions 8, 7, and 3 with the 
grounds composed of chalk, raw umber and yellow iron 
oxide in ratios of 4.5:0.25:0.25 (upper) and 4.7:0.15:0.15 
(middle) and chalk and raw umber in a ratio of 4.9:0.1 
(lower). The samples include the canvas support and the 
ground layer (black line). 

Fig. 9  Light microscopic images (bright field) of cross-
sections from Samson. Upper, maximum thickness is 100 
μm; Middle, maximum thickness is 125 μm and Lower, 
maximum thickness is 100 μm. The samples include the 
ground layer (black lines) and paint layers. 
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painting5 with the reconstructions before and after wax-resin treatment revealed that none of 
them accurately corresponded. Both reconstructions were too light and their values of green and 
blue too high (fig. 10).  
  

   

   

Fig. 10 Colour fields created from the RGB values of the ground of Samson (middle column) compared with colour 
data of Reconstruction 7 composed of chalk, raw umber and yellow iron oxide in linseed oil (left column) and 

Reconstruction 3 composed of chalk and raw umber in linseed oil (right column).  
The upper right and left quadrants represent the colour of the grounds before wax-resin impregnation and the lower 

right and left quadrants show the colour of the grounds after wax-resin impregnation. 
 
The discrepancy in colour between the reconstructions and the ground of the painting may be 
attributed to the differences in the composition of the ground of the reconstructions and the 
ground of the painting. For example, the reconstruction composed of chalk and raw umber lacks 
yellow iron oxide, explaining the dull colour of the reconstruction compared to the painting. 
Furthermore, although the inclusion of yellow iron oxide in the other reconstruction did increase 
saturation, the effect is slight and the ground colour remains greyer that the painting. It is 
possible that the source of the yellow iron oxide used for the reconstruction is a critical factor as 
different natural materials vary in hue. Light microscopy suggested that the kind of yellow iron 
oxide pigment used for the reconstructions was not as red as the iron oxide present in the 
ground from the painting. Finally, and very importantly, the ground of the painting comprises 
two layers, while the reconstructions contain a single layer. If the upper ground is slightly 
transparent it may afford visibility of the red iron oxide rich underlayer, thus explaining the 
warmer tone of the ground measured on the painting.  
 

  

                                                            
5 The ground colour of Samson was measured on a photograph shot after the cleaning of the old varnish and the 
application of a new varnish composed of Paraloid B72. The photograph was calibrated with the target Colour 
Checker Classic. The RGB data used, namely 129, 89, and 43, were the average of ten sample spots (sample average 
size 11 x 11 pixels) each located in different exposed ground areas of the painting. See chapter 4 for additional 
information about the colour sampling method used.  
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9.3 Jacob Jordaens, A Roman Camp Under Attack by Night and David and Goliath, 1662 
and 1664.  
 

  
Fig. 11 Jordaens, A Roman Camp Under Attack by Night, 

1662. Photo by René Gerritsen. 
Fig. 12 Jordaens, David and Goliath, 1664. Photo by René 

Gerritsen. 
 
A Roman Camp Under Attack by Night (A Roman Camp) and David and Goliath were both painted by 
Jacob Jordaens for the decorative ensemble of the Royal Palace Amsterdam (figs. 11 and 12). In 
these paintings, the dark brown-grey ground left exposed serves a mid-tone in many areas of the 
composition. For David and Goliath the rendering of volumes and space appears coherent (fig. 14) 
while for A Roman Camp these effects are less accurate due to the merging of the ground with 
shadows and exacerbated tonal contrasts with the light areas (fig. 13). 
 

  
Fig. 13 Jordaens, A Roman Camp, detail 
(ca. 100 x 80 cm). Photos by René Gerritsen. 

Fig. 14 Jordaens, David and Goliath, detail (ca. 200 x 130 cm) 
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Both paintings are primed with a double ground in which the upper layer is composed of chalk, 
lead white and raw umber. The upper ground of A Roman Camp also includes a low proportion 
of starch particles, while the upper ground David and Goliath also contains yellow and red iron 
oxide pigments and a little charcoal black. In both cases, linseed oil was identified as the binding 
medium.6 
The colour change of this type of ground was examined using the reconstructions composed of 
chalk, lead white and raw umber in ratios of 2.25:2.25:05 and 3.5:1:0.5 (Reconstructions 12 and 
13 respectively). Interestingly, the examination of cross-sections using light microscopy revealed 
that the pigment distribution in the reconstruction with the equal ratios of chalk and lead white 
was closely similar to the ground of A Roman Camp (figs. 15 and 16 upper). In the other 
reconstruction the proportion of lead white pigment was too low (figs. 15 and 16 lower).  
 

   

  

 
Comparative colour measurements of the reconstruction with the equal ratios of chalk and lead 
white together with 10% raw umber, recorded no difference after impregnation, even when the 
ground was thinly applied. Ground opacity was assumed to be responsible for this phenomenon. 
It is therefore highly likely that the upper ground layer of A Roman Camp was opaque enough to 
prevent colour change after wax-resin impregnation due to the optical interference of the 
underlayer. This assumption needs to be qualified, given the presence of starch particles7 and 

                                                            
6 For a full discussion relative of the material composition of the two grounds, including results of instrumental 
analysis, see chapter 1.2. 
7 Recent research has shown the presence of flour particles in seventeenth paint layers. This additive, probably 
functioning as a filler, enhances the intrinsic porosity of paint layers, see: Jana Sanyova, Marie Postec and Karin 
Groen, “Fonction de la farine de blé dans la préparation du portrait de Nicolaes van Bambeeck de Rembrandt 
(Musées Royaux des Beaux-Arts de Belgique, Bruxelles). Approche expérimentale,” Techné 35 (2012): 23. 

Fig. 15  Light microscopic images (bright field) of 
cross-sections from Reconstructions 12 and 13 with the 
grounds composed of chalk, lead white, and raw umber 
in ratios of 2.25:2.25:0.5 (upper) and 3.5:1:0.5 (lower). The 
samples include the canvas support and the ground layer 
(black line). 

Fig. 16 Light microscopic images (bright field) of cross-
sections from A Roman Camp. Upper, maximum thickness 
220 μm (2a); lower, maximum thickness 140 μm (2a). The 
samples include the two ground layers (black lines) and 
paint layers. 
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lead soaps in the ground of the paintings that were not present in the reconstructions. Therefore, 
as the hiding power of the upper ground was diminished due to minor components and/or 
degradation phenomena, the optical influence of the lower ground layer had to be taken into 
account. Importantly the lower ground of the painting is composed of chalk and raw umber in 
linseed oil, a ground type that results of experiments had identified as likely to undergo colour 
change.   
Interestingly, the colour measured before and after wax-resin impregnation of the reconstruction 
composed of chalk, lead white and raw umber in ratios 2.25:2.25:05 matches rather well with the 
colour of the painting’s ground8 while the reconstruction with the increased ratio of chalk to lead 
white is markedly darker. It should be noted, however, that the former reconstruction appears 
less yellow than the painting’s ground, indicative of the difference in composition or the visual 
influence of the under-layer that was not reproduced in the reconstruction (fig 17).  
 

   

   

Fig. 17 Colour fields created from the RGB values of the ground of A Roman Camp (middle column) compared with 
the colour data of Reconstruction 12 composed of 45% chalk, lead white and raw umber (left column) and 
Reconstruction 13 composed of 70% chalk, lead white and raw umber (right column), both applied thickly.  

The upper right and left quadrants represent the colour of the reconstructed grounds before wax-resin impregnation 
and the lower right and left quadrants show their colour after wax-resin impregnation (the colour of the 

reconstructions did not change). 
 
In the case of David and Goliath, reconstructions did not include yellow and orange iron oxide 
pigments that were identified in the ground of the painting (figs. 18 and 19). However, it may be 
assumed that the high concentration of raw umber mixed with a significant proportion of lead 
white resulted in an opaque ground layer that would be resistant to colour change upon wax-
resin impregnation.  
 

                                                            
8 The ground colour of A Roman Camp was measured on a photograph shot after the cleaning of the old varnish and 
the application of a new varnish composed of Paraloid B72. The photograph was calibrated with the target Colour 
Checker Classic. The RGB data used, namely 125, 94, and 66, were the averages of ten sample spots (sample average 
size 11 x 11 pixels) each located in different exposed ground areas of the painting. See chapter 4 for additional 
information about the colour sampling method used.  
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The visual comparison of the colours of the reconstructions measured before and after 
impregnation with the colour of the ground of the painting9 suggested that the two 
reconstructions are lighter and greyer than the ground of the painting. This illustrates the 
discrepancies between the compositions of the reconstructions, which excluded significant 
components identified in the ground of the painting that certainly contributed to the brightness 
and warmth of the colour of the ground (fig. 20).  
 

   

   

Fig. 20 Colour fields created from the RGB values of the ground of David and Goliath (middle column) compared with 
the colour data of Reconstruction 12 composed of 45% chalk, lead white and raw umber (left column) and 
Reconstruction 13 composed of 70% chalk, lead white and raw umber (right column), both applied thickly.  

The upper right and left quadrants represent the colour of the reconstructed grounds before wax-resin impregnation 
and the lower right and left quadrant, show their colour after wax-resin impregnation (the colour of the 

reconstructions did not change). 
 
  

                                                            
9 The ground colour of David and Goliath was measured on a photograph shot after the cleaning of the old varnish 
and the application of a new varnish composed of Paraloid B72. The photograph was calibrated with the target 
Colour Checker Classic. The RGB data used, namely 113, 83, and 51, were the averages of ten sample spots (sample 
average size 11 x 11 pixels) each located in different exposed ground areas of the painting. See chapter 4 for 
additional information about the colour sampling method used.  

Fig. 18 Light microscopic image (bright field) of a 
cross-sections from Reconstruction 12 composed of 
lead white, chalk, and raw umber in a ratio of 
2.25:2.25:05. The sample includes the canvas support 
and the ground layer (black line). 

Fig. 19  Light microscopic image (bright field) of a 
cross-section from David and Goliath. Maximum 
thickness 200 μm. The sample includes the two ground 
layers (black lines) and a very thin paint layer. 
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9.4 Rembrandt van Rijn, The Company of Captain Frans Banning Cocq and Lieutenant 
Willem van Ruytenburch  (The Night Watch), 1642.  
 

 
Fig. 21 Rembrandt van Rijn, The Company of Captain Frans Banning Cocq and lieutenant Willem van Ruytenburch, 1642. 

Photo: courtesy of the Rijksmuseum Amsterdam 
 
The Company of Captain Frans Banning Cocq and Lieutenant Willem van Ruytenburch (The Night Watch) is 
primed with a dark brown ground composed of quartz, clay minerals and yellow and brown iron 
oxide in linseed oil. The paint application is rather loose, leaving the dark brown ground either 
exposed or very thinly glazed in many areas. In some passages the darkness of the ground 
interrupts the smooth reading of the composition and the way that the image reads today raises 
the question of whether this appearance was intentional or the result of deterioration or other 
change due to past treatments (fig. 22). 
 

 
Fig. 22 Detail of The Night Watch by Rembrandt showing areas where the ground is left exposed (grey arrow). 

Photo: courtesy of the Rijksmuseum Amsterdam 
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Colour measurements carried out on four types of quartz containing grounds showed that all the 
variants changed colour significantly after wax-resin treatment. Factors influencing the degree of 
change were identified and included the proportion of quartz and the inclusion of yellow iron 
oxide. The proportion of quartz in the ground of The Night Watch is not known, though research 
has proposed that it may contain 50-60% thereof.10 If accurate, this ratio might be significantly 
higher than that used for the reconstructions, which were produced with 16 and 34% quartz 
sand.11 The results of colour measurements did, however, show that a higher proportion of 
quartz tended to increase the degree of colour change. It can be assumed, therefore, that the 
ground of the painting, containing significantly higher concentrations of quartz, would have been 
modified by wax-resin impregnation. The examination of cross-sections with light microscopy 
did not provide information about the distribution of quartz, as the quartz particles are 
transparent in the oil medium. It would be useful to examine the samples using backscattered 
election imaging and elemental mapping to assess this parameter, however this was not carried 
out in the present study.12 Further the visual comparison of samples using light microscopy 
showed that the inclusion of yellow iron oxide significantly influenced the colour of the 
reconstructed quartz grounds though each individual yellow pigment could not be discerned (fig. 
23). This compromised visual comparison with the ground of The Night Watch in which the 
brown, yellow, and red iron oxide pigments are clearly identifiable (fig. 24). 
 

   

   
Fig. 23 Light microscopic images (bright field) of cross-
sections from Reconstruction 16 (upper) composed of quartz 
and ball clay in a ratio of 1.7:3.3 and Reconstruction 17 (lower) 
composed of quartz, ball clay and yellow iron oxide in a ratio 
of 1.55:3.3:1.15. The samples include the canvas support and 
the ground (black line). 

Fig. 24 Light microscopic images (bright field) of cross-
sections from The Night Watch. The ground is indicated on the 
photograph with a black bracket. Upper, maximum thickness 
200 μm; lower: maximum thickness 350 μm. Photos by Nadja 
Garthoff, courtesy of Rijksdienst Cultureel Erfgoed (RCE). 

                                                            
10 For a full discussion of the material composition of the ground, including results of instrumental analysis, see 
chapter 1.1.2. 
11 The comparison of the two proportions of quartz is complicated by the condition of the samples. The samples 
used for measuring the concentration of quartz in the ground of the painting comes from an aged paint, while the  
from the reconstructions are fresh materials.  
12 Karin M. Groen, “Earth Matters, The origin of the material used for the preparation of the Night Watch and many 
other canvases in Rembrandt’s workshop after 1640,” Art Matters International Journal for Technical Art History 3 (2005): 
146. 
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RGB values measured from the ground of the painting were significantly different from the data 
gathered from the reconstructions containing 34% quartz, ball clay and without and with yellow 
iron oxide after wax-resin impregnation. Visual comparison of the colour fields produced from 
the RGB values shows that both reconstructions are significantly lighter and the ground of the 
painting is considerably redder (fig. 25).13 It is very likely that the pigment composition of the 
reconstructions accounts for these differences, as Reconstruction 16 did not include iron oxide 
pigments while Reconstruction 17 contained yellow but no brown ferric pigment, both of which 
were identified in the ground of The Night Watch. It is probable, however, that the inclusion of 
brown pigment would have produced a darker coloured  reconstruction closer to the colour of 
the ground of the painting. In addition, differences in the sources of iron oxide pigments such as 
the type of clay, may also contribute to visual differences between the reconstructions and the 
painting.  
 

   

   

Fig. 25 Colour fields created from the RGB values of the ground of The Night Watch (middle column) compared with 
the colour data of Reconstruction 16 composed of quartz and clay (left column) and Reconstruction 17 composed of 

quartz, clay and yellow iron oxide (right column). The upper right and left quadrants represent the colour of the 
reconstructed grounds before wax-resin impregnation and the lower right and left quadrant show the colours after 

wax-resin impregnation. 
 
  

                                                            
13 The ground colour of The Night Watch was measured using the color sampler tool from Photoshop software 
(Photoshop CC 2017) using a photograph of the painting with a varnish layer. The RGB data used namely 71, 43,  
and 9, were the average of ten sample spots (sample average size 51 x 51 pixels) located in area of exposed ground in 
the painting. 
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9.5 Gerard van Honthorst (1592-1656), The Arrival of Mary Stuart Greeted by Willem II, 
1649.  
 

 
Fig. 26 Van Honthorst, The Arrival of Mary Stuart Greeted by Willem II, 1649. 

Photos: Margareta Svensson, © Staat der Nederlanden/Koninklijke Verzamelingen, Den Haag. 

 
Almost all paintings on canvas in the Oranjezaal, including The Arrival of Mary Stuart Greeted by 
Willem II by Gerard van Honthorst (1592-1656) (fig. 26), were primed with a single ground layer 
composed of lead white and raw umber in linseed oil. Only four paintings in the group received 
a slightly different preparation that consisted of lead white, raw umber and a significant addition 
of chalk.14 The Arrival of Mary Stuart Greeted by Willem II is one of four paintings, from the thirty-
nine paintings on canvas produced for the decorative ensemble, that was subjected to wax-resin 
lining. Overall visual assessment of the painting has found no issues with the rendering of 
volume or space that might have been caused by a colour change of the ground layer (fig. 27). 
This is supported by comparative colour measurements carried out on the reconstruction 
composed of lead white and raw umber in linseed in a ratio of 4.5:0.5, which recorded no colour 
change for this type of ground after wax-resin treatment (Reconstruction 11). 
 

                                                            
14 The paintings primed with a ground layer consisting of chalk, lead white and raw umber are: Allegory on the Birth of 
Frederik Hendrik by Caesar van Everdingen, Part of the Triumphal Procession with Captured Weapons by Salomon de Bray, 
Part of the Triumphal Procession with Elephant and Paintings by Theodoor van Thulden and Part of the Triumphal Procession 
with Gifts from East and West by Jacob van Campen. 
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Fig. 27 Details of The Arrival of Mary Stuart Greeted by Willem II, 1649. 

Photos: Margareta Svensson, © Staat der Nederlanden/Koninklijke Verzamelingen, Den Haag. 
 
The examination of cross-sections from the painting suggested that the concentration of raw 
umber pigment in the ground is significantly lower than in the comparable reconstruction (figs. 
28 and 29). This difference explains why the colour of the reconstruction before wax-resin 
treatment did not accurately match the colour of the ground properly visible in areas of exposed 
ground from the painting (fig. 30).15 Further, comparison with the oil-bound ground composed 
of lead white highlights the influence of the raw umber inclusion on the colour of the ground. 
Considering that other comparative colour measurements of reconstructions composed only of 
lead white in linseed oil before and after impregnation showed significant colour differences 
depending on the layer thickness, the question arose of whether the concentration of raw umber 
or the layer thickness were sufficient to prevent colour change of the ground of the painting.  
 

  

 
  

                                                            
15 The ground colour of The Arrival of Mary Stuart Greeted by Willem II was measured using the color sampler tool 
from Photoshop software (Photoshop CC 2017) using a photograph of the painting with a varnish layer. The RGB 
data used namely 154, 134 and 104 were the averages of ten sample spots (sample average size 11 x 11 pixels) 
located in area of exposed ground in the painting. 

Fig. 28 Light microscopic photograph (bright field) of a 
cross-section from Reconstruction 11 composed of lead 
white and raw umber in a ratio of 4.5:0.5. The sample 
includes the canvas support and the ground layer (black 
line).  

Fig. 29 Light microscopic photograph (bright field) of a 
cross-section from the Allegory on the Marriage of Frederik 
Hendrik and Amalia van Solms. Photo: courtesy of the 
Netherlands Institute for Art History (RKD). 
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Fig. 30 Colour fields created from the RGB values of the ground of The Arrival of Mary Stuart Greeted by Willem II, 
(middle) compared with the colour data of Reconstruction 11 composed of lead white and raw umber 4.5:0.5 (left 

column) and Reconstruction LW composed of lead white in linseed oil (right column). The upper right and left 
quadrants represent the colour of the reconstructed grounds before wax-resin impregnation and the lower right and 

left quadrant show their colour after wax-resin impregnation. 
 
Van Honthorst produced five paintings for the Oranjezaal, two of which were wax-resin lined 
(The Arrival of Mary Stuart Greeted by Willem II and Allegory on the Marriage of Frederik Hendrik and 
Amalia van Solms). This provided an opportunity to compare the works with the unlined paintings 
by the painter in order to assess the visual impact of wax-resin impregnation. Comparison of The 
Arrival of Mary Stuart Greeted by Willem II with Louise Henriette leads Friedrich Wilhelm, Elector of 
Brandenburg, to her Parents, (fig. 31) was particularly relevant as the two works employ the same 
painting technique and have been hanging on the same wall since their completion in 1649.  
 

 
Fig. 31 G. van Honthorst, Louise Henriette leads Friedrich Wilhelm, Elector of Brandenburg, to her Parents, 1649. 

Photos: Margareta Svensson, © Staat der Nederlanden/Koninklijke Verzamelingen, Den Haag. 
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Visual assessment by conservators between 1998 and 2001 concluded that the wax-resin 
treatment did not change the colour of the ground or the texture of the paint surface (fig. 32).16 
This suggests that the low proportion of raw umber in the ground of the paintings (estimated at 
2%) was sufficient to prevent colour change of the lead white containing oil-bound ground. 
Nevertheless, questions remained as to whether the addition of raw umber fully prevented colour 
change of the grounds. After wax-resin lining the reconstructions composed of lead white with 
and without chalk became significantly more transparent, revealing the pattern of the canvas 
support. The same visual phenomenon is evident upon surface examination of areas from The 
Marriage of Frederik Hendrik and Amalia van Solms, one of the two paintings by the artist in the 
series that has been wax-resin lined (fig. 32).17 These areas exhibit a paint layer on top of the 
ground, which complicates the assessment, as paint applications on top of ground layers were 
not examined in this study. 
 

   
Fig. 32 Details of The Marriage of Frederik Hendrik and Amalia van Solms, 1651 by Van Honthorst. The canvas weave is 

visible in areas where the ground is covered with paint layers.  
Photos: Margareta Svensson, © Staat der Nederlanden/Koninklijke Verzamelingen, Den Haag. 

 
9.6 Conclusion 

 
Comparison of the results obtained from experiments in this study with the physical 
characteristics of historical paintings has provided the opportunity to assess the value and impact 
of the research that informs the relationship between the composition of the priming and the 
impact of wax-resin lining on the appearance of paintings. Results of comparative colour 
measurements of ground reconstructions on canvas and ground applications on opacity charts 
provided insight for assessing the visual consequences of wax-resin lining on the appearance of 
ground layers in paintings. For each case study, results supported or excluded the wax-resin 
treatment as an influential factor for the present appearance of the paintings.  
Factors that differentiate the reconstructions from the real paintings were significant for the 
interpretation of the extent and likelihood of change upon lining. Differences in the material 
composition of the ground reconstructions including the exclusion of minor components found 
in the ground of the paintings, the proportion of inorganic materials, and the source of the iron 

                                                            
16 Mireille te marveled, “Wax-Resin Lining,” In Conservation of Easel Paintings: Principles and practice, Joyce Hill Stoner 
and Rebecca Anne Rushfield eds. (London and New-York: Routledge, 2012), 432 
17 The study of archival documents revealed that The Arrival of Mary Stuart Greeted by Willem II was lined by Traas in 
1952 and that the Allegory on the Marriage of Frederik Hendrik and Amalia van Solms was subjected to two wax-resin 
linings, one by Hopman in 1855 and one possibly by Traas in the middle of the 20th century. Netherlands Institute 
for Art History (RKD), De Oranjezaal: catalogus en documentatie, 2018, http://oranjezaal.rkdmonographs.nl/cat.-nr.-10; 
http://oranjezaal.rkdmonographs.nl/cat.-nr.-27; http://oranjezaal.rkdmonographs.nl/cat.-nr.-26. 



Experimental results 
 

320 
 

oxide pigments, were anticipated to contribute to discrepancies measured between paintings and 
reconstructions. Also important were the ground layer thickness, the absence of a two layered 
reconstruction and the presence of a varnish layer. Furthermore, the influence of natural ageing 
phenomena, particularly lead soap formation that decreases the hiding power of lead containing 
oil-bound grounds and past restoration treatments that possibly altered the physical 
characteristics of the ground prior wax-resin impregnation accounted for differences between 
the reconstructions and the paintings. These differences proved significant and precluded 
inferences about the original colour of the ground of paintings before lining. Instead, results of 
experiments allowed an understanding of trends that may support the critical assessment of the 
condition of paintings.  
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APPENDIX B.1  
Photographs of the reconstructions 
 
 
Appendix B.1.1 Ground reconstructions containing one pigment type 

 
 Before wax-resin impregnation After wax-resin impregnation 

   

Lead white in 
linseed oil  

 
  

Chalk in 
linseed oil 

 
  

Chalk in 
animal glue 

 
  

Ball clay in 
linseed oil 

 
  

Red iron 
oxide in 
linseed oil 

 
  

Red iron 
oxide in 
animal glue 

 
  

Yellow iron 
oxide in 
linseed oil  

 
  

Yellow iron 
oxide in 
animal glue 
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Tile red in 
linseed oil 

 
  

Tile red in 
animal glue 

 
  

Raw umber in 
linseed oil  

 
  

Raw umber in 
animal glue 

 
  

Charcoal 
black in 
linseed oil 

 
  

Charcoal 
black in 
animal glue 

 
  

Maas River 
clay in linseed 
oil 
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Appendix B.1.2 Ground reconstructions composed of chalk and yellow iron oxide in linseed oil 

 
 Before wax-resin impregnation After wax-resin impregnation 
   

Rec. 1 Chalk and 
yellow iron oxide 
4.9:0.1 

 
  

Rec. 2 Chalk and 
yellow iron oxide 
4.5:0.5 
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Appendix B.1.3 Ground reconstructions composed of chalk and raw umber in linseed oil 

 
 Before wax-resin impregnation After wax-resin impregnation 
   

Rec. 3 Chalk and 
raw umber 4.9:0.1 

 
  

Rec. 4 
Chalk and raw 
umber 4.5:0.5 
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Appendix B.1.4 Ground reconstructions composed of yellow iron oxide and raw umber with 
and without chalk in linseed oil 

 
 Before wax-resin impregnation After wax-resin impregnation 
   

Rec. 5 
Yellow iron 
oxide and raw 
umber 2.5:2.5 

 
  

Rec. 6 
Chalk, raw umber, 
and yellow iron 
oxide 4.9:0.05:0.05 
Drawdown bar 
gap size : 200 μ  

  
Rec. 6 
Chalk, raw umber, 
and yellow iron 
oxide 4.9:0.05:0.05 
Drawdown bar 
gap size : 150 μ  

  
Rec. 6 
Chalk, raw umber, 
and yellow iron 
oxide 4.9:0.05:0.05 
Drawdown bar 
gap size:100 μ  

  
Rec. 6 
Chalk, raw umber,  
and yellow iron 
oxide 4.9:0.05:0.05 
Drawdown bar 
gap size : 50 μ  

  

Rec. 7 
Chalk, raw umber, 
and yellow iron 
oxide 4.7:0.15:0.15 

 
  

Rec. 8 
Chalk, raw umber 
and yellow iron 
oxide 4.5:0.25:0.25 
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Appendix B.1.5 Ground reconstructions composed of chalk and lead white in linseed oil 
 

 Before wax-resin impregnation After wax-resin impregnation 
   

 

Rec. 9 
Chalk and lead 
white 2.5:2.5 

 
  

Rec. 10 
Chalk and lead 
white 4:1 
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Appendix B.1.6 Ground reconstructions composed of lead white and raw umber with and 
without chalk in linseed oil 
 

 
 

 Before wax-resin impregnation After wax-resin impregnation 
   

Rec. 11 
Lead white and raw 
umber 4.5:0.5 
Drawdown bar gap 
size : 50 μ 

  

Rec.  11 
Lead white and raw 
umber 4.5:0.5 
Drawdown bar gap 
size : 200 μ 

  

Rec. 12 
Lead white, chalk, 
and raw umber 
2.25:2.25:0.5 
Drawdown bar gap 
size : 50 μ 

  
Rec. 12 
Lead white, chalk 
and raw umber 
2.25:2.25:0.5 
Drawdown bar gap 
size : 200 μ 

  

Rec. 13 
Lead white, chalk, 
and raw umber 
1:3.5:0.5 
Drawdown bar gap 
size : 50 μ 

  
Rec. 13 
Lead white, chalk, 
and raw umber 
1:3.5:0.5 
Drawdown bar gap 
size : 200 μ 
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Appendix B.1.7 Ground reconstructions composed of ball clay and quartz in linseed oil 
 

 Before wax-resin impregnation After wax-resin impregnation 
   
Rec. 14 
Clay and quartz 
4.2:0.8 
Drawdown bar 
gap size : 50 μ 

 
   

Rec. 14 
Clay and quartz 
4.2:0.8 
Drawdown bar 
gap size : 200 μ 

 
   
Rec.15 
Clay, quartz, 
and yellow iron 
oxide 
4.2:0.65:0.15 
Drawdown bar 
gap size : 50 μ  
   
Rec.15 
Clay, quartz, 
and yellow iron 
oxide 
4.2:0.65:0.15 
Drawdown bar 
gap size : 200 μ  
   

Rec. 16 
Clay and quartz 
3.3:1.7 
Drawdown bar 
gap size : 50 μ 

 
   

Rec. 16 
Clay and quartz 
3.3:1.7 
Drawdown bar 
gap size : 200 μ 

 
   
Rec. 17 
Clay, quartz, 
and yellow iron 
oxide 
3.3:1.65:0.15 
Drawdown bar 
gap size : 50 μ  
   
Rec. 17 
Clay, quartz and 
yellow iron 
oxide 
3.3:1.65:0.15 
Drawdown bar 
gap size : 200 μ 
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APPENDIX B.2  
Raw data of colour measurements of the reconstructions before and after 
wax-resin impregnation 
 
 
Appendix B.2.1 Ground reconstructions containing one pigment type 
 

Chalk in linseed oil 
 
Measurement Description  L* SCE a* SCE b* SCE ∆E*  

1 Before impregnation 68.6 2.07 21.73  
2 = 67.96 2.11 21.45  
3 = 69.22 2.28 22.89  
Average 1 = 68.59 2.15 22.02  

1 After wax-resin impregnation 67.57 1.92 19.82  
2 = 63.74 1.15 16.55  
3 = 64.88 1.31 16.82  
Average 2 = 65.40 1.46 17.73  
∆ (Average 2 – Average 1) ∆L* = -3.20 ∆a* = -0.69 ∆b* = -4.29  5.40 

 
Chalk in animal glue 

 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 
1 Before impregnation 90.62 0.76 5.31  
2 = 90.31 0.72 5.25  
3 = 90.55 0.78 5.41  
Average 1 = 90.49 0.75 5.32  

1 After wax-resin impregnation 70.69 1.18 11.92  
2 = 72.22 1.29 12.37  
3 = 72.49 1.44 12  
Average 2 = 71.8 1.30 12.10  

∆ (Average 2 – Average 1) ∆L* = -18.69 ∆a* = 0.55 ∆b* = 6.77  19.89 

 
Chalk in animal glue thinly applied 

 
Measurement Description L* SCE a* SCE b* SCE ∆E* 
1 Before impregnation 87.06 0.7 4.94  
2 = 88.16 0.7 5  
3 = 89.43 0.64 4.96  
Average 1 = 88.22 0.68 4.97  

1 After wax-resin impregnation 65.68 1.23 10.45  
2 = 68.33 1.32 11.6  
3 = 66.73 1.03 10.32  
Average 2 = 66.91 1.19 10.79  

∆ (Average 2 – Average 1) ∆L* = -21.30 ∆a* = 0.51 ∆b* = 5.82  22.09 
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Colour comparison of grounds containing chalk in oil and in glue before wax-resin impregnation 
 
Measurement Description L* SCE a* SCE b* SCE ∆E* 
Average 1 Linseed oil 68.59 2.15 22.02  
Average 1 Glue 90.49 0.75 5.32  

∆ (Glue – linseed oil) ∆L* = 21.9 ∆a* = -1.4 ∆b* =  -16.7 27.58 

 
Yellow iron oxide in linseed oil 

 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 51.03 17.91 33.97  
2 = 51.02 17.75 33.8  
3 = 51.1 17.86 34.07  
Average 1 = 51.05 17.84 33.95  

1 After wax-resin impregnation  50.82 17.7 33.82  
2 = 50.83 17.55 33.68  
3 = 50.38 17.4 33.64  
Average 2 = 50.68 17.55 33.71  
∆ (Average 2 – Average 1) ∆L* = -0.37 ∆a* = -0.29 ∆b* = -0.23   0.53 

 
Yellow iron oxide in animal glue 

 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 
1 Before impregnation 64.23 17.03 41.87  
2 = 64.4 17.17 42.12  
3 = 64.37 17.1 42  
Average 1 = 64.33 17.1 42  

1 After wax-resin impregnation  53.15 17.4 36.2  
2 = 53.6 17.39 36.68  
3 = 53.42 17.47 36.87  
Average 2 = 53.39 17.42 36.58  
∆ (Average 2 – Average 1) ∆L* = -10.94 ∆a* = -0.32 ∆b* = -5.41 12.21 

 
Colour comparison of grounds containing yellow iron oxide in oil and in glue before wax-resin impregnation 

 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 
Average 1 Linseed oil 51.05 17.84 33.95  
Average 1 Glue 64.33 17.1 42  
∆ (Glue – linseed oil) ∆L* = 13.28 ∆a* = -0.74 ∆b* =  8.05 15.55 
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Raw umber in linseed oil 
 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 28.05 2.38 3.64  
2 = 28 2.37 3.64  
3 = 27.9 2.39 3.63  
Average 1 = 27.98 2.38 3.64  

1 After wax-resin impregnation  27.98 2.28 3.5  
2 = 27.73 2.39 3.7  
3 = 26.67 2.38 3.65  
Average 2 = 27.46 2.35 3.62  
∆ (Average 2 – Average 1) ∆L* = -0.52 ∆a* = 0.0 ∆b* = -0.02  0.52 

 
Raw umber in animal glue 

 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 
1 Before impregnation 32.68 6.92 15.11  
2 = 32.92 6.95 15.51  
3 = 32.25 6.89 15.36  
Average 1 = 32.61 6.92 15.33  

1 After wax-resin impregnation  26 1.89 2.8  
2 = 26.11 1.94 2.68  
3 = 25.3 2.16 3.19  
Average 2 = 25.80 1.20 2.89  
∆ (Average 2 – Average 1) ∆L* = -6.81 ∆a* = -4.9 ∆b* = -12.44 15.01 

 
Colour comparison of grounds containing raw umber in oil and in glue before wax-resin impregnation 

 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 
Average 1 Linseed oil 27.98 2.38 3.64  
Average 1 Glue 32.62 6.92 15.33  
∆ (Glue – linseed oil) ∆L* = 4.63 ∆a* = 4.54 ∆b* = 11.69 13.37 

 
Charcoal black in linseed oil 

 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 20.48 0.39 0.72  
2 = 19.67 0.4 0.91  
3 = 18.48 0.4 0.84  
Average 1 = 19.54 0.4 0.82  

1 After wax-resin impregnation  21.19 0.31 0.12  
2 = 20.84 0.12 -0.51  
3 = 19.48 0.25 0.12  
Average 2 = 20.50 0.23 -0.09  
∆ (Average 2 – Average 1) ∆L* = 0.96 ∆a* = -0.17 ∆b* = -0.91 1.34 
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Charcoal black in animal glue 
 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 25,09 0,41 1,98  
2 = 24,18 0,4 2,11  
3 = 24,61 0,39 2,12  
Average 1 = 24,63 0,4 2,07  

1 After wax-resin impregnation  24,44 0,16 -0,5  
2 = 24,31 0,13 -0,33  
3 = 23,28 0,16 -0,33  
Average 2 = 23,795 0,145 -0,33  
∆ (Average 2 – Average 1) ∆L* = -0.83 ∆a* = -0.25 ∆b* = -2.4 2.55 

 
Colour comparison of grounds containing charcoal black in oil and in glue before wax-resin impregnation 

 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 
Average 1 Linseed oil 19.54 0.4 0.82  
Average 1 Glue 24.63 0.4 2.07  
∆ (Glue – linseed oil) ∆L* = 5.08 ∆a* = 0.00 ∆b* =  1.25 5.23 

 
Red iron oxide in linseed oil 

 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 35.95 21.44 16.77  
2 = 36.06 21.35 16.48  
3 = 36 21.32 16.54  
Average 1 = 36.00 21.37 16.6  

1 After wax-resin impregnation  36.29 21.05 16.19  
2 = 35.91 21.03 16.45  
3 = 35.99 21.02 16.33  
Average 2 = 36.06 21.03 16.32  
∆ (Average 2 – Average 1) ∆L* = 0.06 ∆a* = -0.34 ∆b* = -0.27 0.43 

 
Red iron oxide in animal glue 

 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 42.4 27.92 25.12  
2 = 43.09 27.42 24.65  
3 = 43.13 28.58 25.93  
Average 1 = 42.87 27.97 25.23  

1 After wax-resin impregnation  33.66 21.73 17.08  
2 = 35.1 22.1 18.25  
3 = 33.57 22.21 17.66  
Average 2 = 34.11 22.01 17.66  
∆ (Average 2 – Average 1) ∆L* = -8.76 ∆a* = -5.96 ∆b* = -7.57 13.02 
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Colour comparison of grounds containing red iron oxide in oil and in glue before wax-resin impregnation 
 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 
Average 1 Linseed oil 36.00 21.37 16.6  
Average 1 Glue 42.87 27.97 25.23  
∆ (Glue – linseed oil) ∆L* = 6.87 ∆a* = 6.60 ∆b* =  8.64 12.86 

 
Tile red in linseed oil 

 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 38.98 21.04 21.15  
2 = 39.02 20.97 20.53  
3 = 38.9 21.17 20.46  
Average 1 = 38.97 21.06 20.71  

1 After wax-resin impregnation  38.67 19.99 19.67  
2 = 39.02 20.2 20.12  
3 = 38.86 20.68 20.19  
Average 2 = 38.85 20.29 19.99  
∆ (Average 2 – Average 1) ∆L* = -0.12 ∆a* = -0.77 ∆b* = -0.72 1.06 

 
Tile red in animal glue 

 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 54.15 25.45 33.82  
2 = 54.54 25.67 34.16  
3 = 54.39 25.43 33.89  
Average 1 = 54.36 25.52 33.76  

1 After wax-resin impregnation  40.35 23.8 23.77  
2 = 40.03 22.77 22.18  
3 = 40.2 23 22.74  
Average 2 = 40.19 23.19 22.90  
∆ (Average 2 – Average 1) ∆L* = -14.17 ∆a* = -2.33 ∆b* = -10.86 18.00 

 
Colour comparison of grounds containing tile red in oil and in glue before wax-resin impregnation 

 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 
Average 1 Linseed oil 38.97 21.06 20.71  
Average 1 Glue 54.36 25.52 33.76  
∆ (Glue – linseed oil) ∆L* = 15.39 ∆a* = 4.46 ∆b* = 13.04 20.66 
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Ball clay in linseed oil 
 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 56.07 5.24 26.05  
2 = 56.18 5.12 25.15  
3 = 55.85 5.29 26.12  
Average 1 = 56.03 5.22 25.77  

1 After wax-resin impregnation  54.68 4.3 22.5  
2 = 56.96 4.46 22.65  
3 = 55.07 4.42 22.8  
Average 2 = 55.57 4.39 22.65  
∆ (Average 2 – Average 1) ∆L* = -0.46 ∆a* = -0.82 ∆b* = -3.12  3.26 

 
Ball clay in linseed oil thinly applied 

 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 57.99 4.76 22.98  
2 = 57.41 5.09 23.21  
3 = 56.93 4.76 22.41  
Average 1 = 57.44 4.87 22.87  

4 After wax-resin impregnation  53.35 3.89 20.55  
5 = 53.67 3.44 20.52  
6 = 54.11 3.48 19.72  
Average 2 = 53.71 3.60 20.26  
∆ (Average 2 – Average 1) ∆L* = -3.73 ∆a* = -1.27 ∆b* = -2.60 4.72 

 
Maas river clay in linseed oil 

 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 33.58 5.41 9.42  
2 = 33.07 5.04 8.82  
3 = 33.64 5.46 9.41  
Average 1 = 33.43 5.30 9.22  

1 After wax-resin impregnation 34,11 4,36 8,2  
2 = 33,97 4,23 8,08  
3 = 33,58 4,76 8,58  
Average 2 = 33,89 4,45 8,29  

∆ (Average 2 – Average 1) 0,46 -0,85 -0,93 1,34 
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Lead white in linseed oil 
 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 91.26 -1.27 8.4  
2 = 91.64 -1.34 9.31  
3 = 92.27 -1.17 9.24  
Average 1 = 91.72 -1.26 8.98  

4 After wax-resin impregnation  91.57 -1.41 8.5  
5 = 91.93 -1.41 8.87  
6 = 91.33 -1.51 8.33  
Average 2 = 91.61 -1.44 8.57  
∆ (Average 2 – Average 1) ∆L* = -0.11 ∆a* = -0.18 ∆b* = -0.42  0.47 

 
Lead white in linseed oil thinly applied 

 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 89.02 -1.41 6.5  
2 = 89.57 -1.39 7.05  
Average 1 = 89.3 -1.4 6.78  

3 After wax-resin impregnation  88.41 -1.49 6.08  
4 = 87.78 -1.41 5.66  
Average 2 = 88.1 -1.45 5.87  
∆ (Average 2 – Average 1) ∆L* = -1.2 ∆a* = -0.05 ∆b* = -0.91 1.5 
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Appendix B.2.2 Ground reconstructions composed of chalk and yellow iron oxide in linseed oil 
 

Reconstruction 1 
Chalk and yellow iron oxide 4.9:0.1 

 
Measurement Description L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 65.67 10.95 36.49  
2 = 64.06 9.9 34.11  
3 = 64.97 9.83 34.19  
Average 1 = 64.9 10.23 34.93  

1 After wax-resin impregnation 64.89 10.17 34.99  
2 = 63.12 9.19 32.49  
3 = 63.63 9.95 33.41  
Average 2 = 63.88 9.77 33.63  
∆ (Average 2 – Average 1) ∆L* = -1.02 ∆a* = -0.46 ∆b* =  -1.3 1.71 

 
Reconstruction 1 

Chalk and yellow iron oxide 4.9:0.1 thinly applied 
 
Measurement Description L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 63.69 9.63 35.1  
2 = 63.24 9.82 34.8  
3 = 63.25 9.74 35.09  
Average 1 = 63.39 9.73 35  

1 After wax-resin impregnation 61.68 6.28 28.29  
2 = 61.56 7.77 30.89  
3 = 62.46 8.96 32.83  
Average 2 = 61.9 7.67 30.67  
∆ (Average 2 – Average 1) ∆L* = -1.49 ∆a* = -2.06 ∆b* =  -4.33 5.02 

 
Reconstruction 2 

Chalk and yellow iron oxide 4.5:0.5 
 
Measurement Description L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 57.98 18.47 41.55  
2 = 57.36 18.31 41.02  
3 = 57.31 17.52 40.39  
Average 1 = 57.55 18.1 40.99  

1 After wax-resin impregnation 57.38 17.56 40.28  
2 = 57.2 17.28 39.76  
3 = 56.63 16.81 39.26  
Average 2 = 57.07 17.22 39.77  
∆ (Average 2 – Average 1) ∆L* = -0.48 ∆a* = -0.88 ∆b* = -1.22 1.58 
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Influence of the chalk proportion on the colour of yellow iron oxide containing oil-bound grounds before wax-resin 
impregnation 

 
Measurement Description L* SCE a* SCE b* SCE ∆E* 

Average 1 Yellow iron oxide in linseed oil 51.05 17.84 33.95  
Average 1 Chalk and yellow iron oxide 4.5:0.5 57.55 18.1 40.99  
∆ 

 ∆L* = 6.5 ∆a* = 0.26 ∆b* = 7.04 9.58 

Average 1 Yellow iron oxide in linseed oil  51.05 17.84 33.95  
Average 1 Chalk and yellow iron oxide 4.9:0.1  64.9 10.23 34.93  
∆ 

 
∆L* = 13.85 ∆a* = -7.61 ∆b* = 0.98 15.83 

Average 1 Chalk and yellow iron oxide 4.5:0.5 57.55 18.1 40.99  
Average 1 Chalk and yellow iron oxide 4.9:0.1 64.9 10.23 34.93  
∆ 

 
∆L* = 7.35 ∆a* = -7.87 ∆b* =  -6.06 12.36 
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Appendix B.2.3 Ground reconstructions composed of chalk and raw umber in linseed oil 
 

Reconstruction 3 
Chalk and raw umber 4.9:0.1 

 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 47.41 7.95 22.4  
2 = 47.01 7.8 21.9  
3 = 46.31 7.38 21.11  
Average 1 = 46.91 7.71 21.80  

1 After wax-resin impregnation 47.18 7.85 21.68  
2 = 46.5 7.29 20.95  
3 = 46.37 7.23 20.67  
Average 2 = 46.68 7.46 21.1  
∆ (Average 2 – Average 1) ∆L* = -0.23 ∆a* = -0.25 ∆b* = -0.70 0.78 

 
Reconstruction 4 

Chalk and raw umber 4.5:0.5 
 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 34.14 6.52 12  
2 = 34.59 6.09 11.34  
3 = 34.55 6.16 11.55  
Average = 34.43 6.26 11.63  

1 After wax-resin impregnation 34.12 6.12 11.51  
2 = 34.46 6.65 11.34  
3 = 34.63 6.12 11.48  
Average = 34.40 6.30 11.44  
∆ (Average 2 – Average 1) ∆L* = -0.02 ∆a* = 0.04 ∆b* = -0.19 0.19 

 
Influence of the chalk proportion on the colour of raw umber containing oil-bound grounds before wax-resin 

impregnation 
 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

Average Raw umber in linseed oil  27.98 2.38 3.64  
Average Chalk and raw umber 4.5:0.5 34.43 6.26 11.63  
∆ 

 
∆L* = 6.44 ∆a* = 3.88 ∆b* =  7.99 10.97 

Average Raw umber in linseed oil  27.98 2.38 3.64  
Average Chalk and raw umber 4.9:0.1  46.91 7.71 21.80  
∆ 

 
∆L* = 18.93 ∆a* = 5.33 ∆b* = 18.17 26.77 

Average Chalk and raw umber 4.5:0.5  34.43 6.26 11.63  
Average Chalk and raw umber 4.9:0.1  46.91 7.71 21.80  
∆ 

 
∆L* = 12.48 ∆a* = 1.45 ∆b* = 10.17 16.17 
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Appendix B.2.4 Ground reconstructions composed of yellow iron oxide and raw umber with 
and without chalk in linseed oil 
 

Reconstruction 5 
Raw umber and yellow iron oxide 2.5:2.5 

 

Measurement Description L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 32.79 5.49 10.49  
2 = 33.7 5.5 10.53  
3 = 33.08 5.46 10.44  
Average 1 = 33.19 5.48 10.49  

1 After wax-resin impregnation 32.95 5.5 10.59  
2 = 33.17 5.47 10.58  
3 = 33.16 5.36 10.33  
Average 2 = 33.09 5.44 10.5  
∆ (Average 2 – Average 1) ∆L* = -0.1 ∆a* = -0.04 ∆b* = 0.01 0.1 

 
Reconstruction 6 

Chalk, raw umber, and yellow iron oxide 4.9:0.05:0.05 applied in a 200 micron thickness 
 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 52.7 8.28 26.38  
2 = 52.57 8.33 26.32  
3 = 52.19 8.16 25.55  
Average 1 = 52.49 8.26 26.08  

1 After wax-resin impregnation 53.2 8.17 25.02  
2 = 52.29 8.53 24.61  
3 = 51.97 7.7 24.49  
Average 2 = 52.49 8.13 24.71  
∆ (Average 2 – Average 1) ∆L* = 0 ∆a* = -0.12 ∆b* = -1.38 1.38 

 
Reconstruction 6 

Chalk, raw umber, and yellow iron oxide 4.9:0.05:0.05 applied in a 150 micron thickness 
 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 55.3 8.69 26.31  
2 = 55.51 9.14 26.95  
3 = 55 8.88 26.35  
Average 1 = 55.27 8.90 26.54  

1 After wax-resin impregnation 53.72 7.37 25.04  
2 = 53.37 7.04 24.15  
3 = 54.64 7.89 25.66  
Average 2 = 53.91 7.43 24.95  
∆ (Average 2 – Average 1) ∆L* = -1.36 ∆a* = -1.47 ∆b* = -1.59 2.55 
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Reconstruction 6 
Chalk, raw umber, and yellow iron oxide 4.9:0.05:0.05 applied in a 100 micron thickness 

 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 54.97 8.91 26.51  
2 = 55.34 8.71 26.34  
3 = 55.82 8.8 26.73  
Average 1 = 55.38 8.81 26.53  

1 After wax-resin impregnation 53.56  7.32  24.84   
2 = 53.23  6.83  23.85   
3 = 53.93 7.56 25.01  
Average 2 = 53.57              7.24         24.57   
∆ (Average 2 – Average 1) ∆L* = -1.80 ∆a* = -1.57 ∆b* = -1.96 3.09 

 
Reconstruction 6 

Chalk, raw umber, and yellow iron oxide 4.9:0.05:0.05 applied in a 50 micron thickness 
 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 57.81 7.94 26.53  
2 = 57.1 7.71 25.14  
3 = 57.82 7.51 25.79  
Average 1 = 57.58 7.72 25.82  

1 After wax-resin impregnation 52.46 6.29 22.87  
2 = 52.63               6.63              22.39                
3 = 53.72  6.76  23.44   
Average 2 = 52.94              6.56  22.90                
∆ (Average 2 – Average 1) ∆L* = -4.64 ∆a* = -1.16 ∆b* = -2.92 5.6 

 
Influence of ground thickness on the colour of Reconstruction 6 before wax-resin impregnation 

 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

Average 
Chalk, raw umber and yellow iron 
oxide 4.9:0.5:0.5 at 150 microns  

55.27 8.90 26.54  

Average 
Chalk, raw umber and yellow iron 
oxide 4.9:0.5:0.5 at 100 microns 55.38 8.81 26.53  

∆ 
 

∆L* = 0.11 ∆a*= -0.09 ∆b*=  -0.01 0.14 

Average 
Chalk, raw umber and yellow iron 
oxide 4.9:0.5:0.5 at 100 microns  55.38 8.81 26.53  

Average 
Chalk, raw umber and yellow iron 
oxide 4.9:0.5:0.5 at 50 microns  

57.58 7.72 25.82  

∆ 
 ∆L* = 2.20 ∆a*= -1.09 ∆b*=  -0.71 2.56 

Average 
Chalk, raw umber and yellow iron 
oxide 4.9:0.5:0.5 at 150 microns 

55.27 8.90 26.54  

Average Chalk, raw umber and yellow iron 
oxide 4.9:0.5:0.5 at 50 microns  

57.58 7.72 25.82  

∆ 
 

∆L* = 2.31 ∆a*= -1.18 ∆b*=  -0.72 2.69 
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Reconstruction 7 
Chalk, raw umber, and yellow iron oxide 4.7:0.15:0.15 

 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 45.03 9.02 22.79  
2 = 44.8 8.75 22.67  
3 = 45.06 9.1 23.11  
Average 1 = 44.96 8.96 22.86  

1 After wax-resin impregnation 44.85 8.84 22.3  
2 = 45.01 8.84 22.56  
3 = 45.19 8.55 22.16  
Average 2 = 45.02 8.74 22.34  
∆ (Average 2 – Average 1) ∆L* = 0.05 ∆a* = -0.21 ∆b* = -0.52 0.56 

 
Reconstruction 8 

Chalk, raw umber and yellow iron oxide 4.5:0.25:0.25 
 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 40.61 7.66 18.64  
2 = 40.7 7.78 19.09  
3 = 40.84 7.92 19.04  
Average 1 = 40.72 7.79 18.92  

1 After wax-resin impregnation 40.78 7.51 18.37  
2 = 40.75 7.68 18.88  
3 = 40.8 7.68 18.66  
Average 2 = 40.78 7.62 18.64  
∆ (Average 2 – Average 1) ∆L* = 0.06 ∆a* = -0.16 ∆b* = -0.29 0.33 

 
Influence of the chalk proportion on the colour of oil-bound grounds containing raw umber and yellow iron oxide 

before wax-resin impregnation 
 

Measurement Description  L* SCE a* SCE b* SCE ∆E* 

Average 1 
Raw umber and yellow iron oxide 
2.5:2.5  33.19 5.48 10.49  

Average 1 Chalk, raw umber and yellow iron 
oxide 4.5:0.25:0.25 

40.72 7.79 18.92  

∆ 
 ∆L* = 7.53 ∆a* = 2.30 ∆b* = 8.44 11.54 

Average 1 Raw umber and yellow iron oxide 
2.5:2.5 

33.19 5.48 10.49  

Average 1 
Chalk, raw umber and yellow iron 
oxide 4.7:0.15:0.15 44.96 8.96 22.86  

∆ 
 

∆L* = 1.77 ∆a* = 3.47 ∆b* = 12.37 17.43 

Average 1 
Raw umber and yellow iron oxide 
2.5:2.5 33.19 5.48 10.49  

Average 1 Chalk, raw umber and yellow iron 
oxide 4.9:0.05:0.05 

52.49 8.26 26.08  

∆ 
 ∆L* = 19.30 ∆a* = 2.77 ∆b* = 15.60 24.97 

Average 1 
Chalk, raw umber and yellow iron 
oxide 4.5:0.25:0.25 40.72 7.79 18.92  

Average 1 
Chalk, raw umber and yellow iron 
oxide 4.7:0.15:0.15 

44.96 8.96 22.86  

∆ 
 ∆L* = 4.25 ∆a* = 1.17 ∆b* = 3.93 5.90 
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Average 1 
Chalk, raw umber and yellow iron 
oxide 4.7:0.15:0.15 

44.96 8.96 22.86  

Average 1 Chalk, raw umber and yellow iron 
oxide 4.9:0.05:0.05 

52.49 8.26 26.08  

∆ 
 

∆L* = 7.52 ∆a* = -0.70 ∆b* = 3.23 8.22 
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Appendix B.2.5 Ground reconstructions composed of lead white and chalk in linseed oil 
 

Reconstruction 9 
Chalk and lead white 2.5:2.5 

 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 82.77 -1.01 18.76  
2 = 84.43 -0.77 19.81  
3 = 84.54 -0.7 19.32  
Average 1 = 83.91 -0.83 19.30  

1 After wax-resin impregnation 83.45 -0.46 12.03  
2 = 85.38 -0.22 14.26  
3 = 84.41 0.03 14.02  
Average 2 = 84.41 -0.22 13.44  
∆ (Average 2 – Average 1) ∆L* = 0.5 ∆a* = 0.61 ∆b* = -5.86 5.91 

 
Reconstruction 10 

Chalk and lead white 4:1 
 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 77.45 0.45 23.03  
2 = 77.04 0.57 21.94  
3 = 78.15 0.49 22.5  
Average 1 = 77.55 0.50 22.49  

1 After wax-resin impregnation 77.96 0.93 16.14  
2 = 78.46 0.73 15.86  
3 = 78.62 0.69 14.82  
Average 2 = 78.35 0.78 15.61  
∆ (Average 2 – Average 1) ∆L* = 0.8 ∆a* = 0.28 ∆b* = -6.88 6.9 

 
Reconstruction 10 

Chalk and lead white 4:1 thinly applied 
 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 76.05 0.61 22.47  
2 = 75.48 0.24 19.61  
3 = 74.81 0.07 19.04  
Average 1  75.45 0.31 20.37  

1 After wax-resin impregnation 75.5 0.27 12.44  
2 = 74.9 0.38 11.58  
3 = 74.57 0.11 12.32  
Average 2  74.99 0.25 12.32  
∆ (Average 2 – Average 1) ∆L* = -0.46 ∆a* = -0.05 ∆b* = -8.26 8.27 
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Influence of the chalk proportion on the colour of lead white containing oil-bound grounds before wax-resin 
impregnation 

 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

Average 1 Lead white in linseed oil 91.72 -1.26 8.98  
Average 1 Chalk and lead white 2.5:2.5 83.91 -0.83 19.30  
∆ 

 ∆L*= -7.58 ∆a*= 0.43 ∆b*= 10.31 12.94 

      

Average 1 Lead white in linseed oil 91.72 -1.26 8.98  
Average 1 Chalk and lead white 1:4 77.55 0.50 22.49  
∆ 

 
∆L* = -14.17 ∆a*= 1.76 ∆b*= 13.51 19.66 
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Appendix B.2.6 Ground reconstructions composed of lead white and raw umber with and 
without chalk in linseed oil 

 
Reconstruction 11 

Lead white and raw umber 4.5:0.5 
 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 46.63 6.28 17.97  
2 = 47.01 6.32 17.88  
3 = 46.97 6.42 19.21  
Average 1 = 46.87 6.34 18.35  

1 After wax-resin impregnation 47.87 5.95 16.4  
2 = 46.62 6.32 18.2  
3 = 46.69 6.3 17.75  
Average 2 = 47.06 6.19 17.45  
∆ (Average 2 – Average 1) ∆L* = 0.19 ∆a* = -0.15 ∆b* = -0.9 0.95 

      
Reconstruction 11 

Lead white and raw umber 4.5:0.5 thinly applied 
 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 46.89 6.14 17.55  
2 = 46.28 6.07 17.08  
3 = 46.28 5.94 16.48  
Average 1 = 46.48 6.05 17.04  

1 After wax-resin impregnation 46.69 6.3 17.75  
2 = 46.49 6.14 17.33  
3 = 46.6 6.02 16.78  
Average 2 = 46.59 6.15 17.29  
∆ (Average 2 – Average 1) ∆L* = 0.11 ∆a* = 0.10 ∆b* = 0.25 ∆E* = 0.29 

      
Reconstruction 12 

Lead white, chalk and raw umber 2.25:2.25:0.5 
 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 43.84 6.38 17.31  
2 = 43.58 6.57 18.79  
3 = 43.63 6.41 18.4  
Average 1 = 43.68 6.45 18.17  

1 After wax-resin impregnation 43.34 6.17 16.63  
2 = 43.13 6.8 18.85  
3 = 43.63 6.45 18.24  
Average 2 = 43.37 6.47 17.91  
∆ (Average 2 – Average 1) ∆L* = -0.32 ∆a* = 0.02 ∆b* = -0.26 0.41 
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Reconstruction 12 
Lead white, chalk and raw umber 2.25:2.25:0.5 thinly applied 

 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 43.32 6.34 17.77  
2 = 43.44 6.35 16.99  
3 = 43.61 6.28 16.62  
Average 1 = 43.46 6.32 17.13  

1 After wax-resin impregnation 43.42 6.17 16.53  
2 = 43.37 6.12 16.7  
3 = 43.67 6.22 17.81  
Average 2 = 43.49 6.17 17.01  
∆ (Average 2 – Average 1) ∆L* = 0.03 ∆a* = 10.15 ∆b* = -0.11 0.19 

 
 

    
Reconstruction 13 

Lead white, chalk and raw umber 1:3.5:0.5 
 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 38,34 6,17 15,56  
2 = 38,61 6,12 14,14  
3 = 39,41 6,26 14,98  
Average 1 = 38,79 6,18 14,89  

1 After wax-resin impregnation 38,83 6,17 14,83  
2 = 38,8 5,96 14,54  
3 = 38,58 6,08 14,91  
Average 2 = 38,74 6,07 14,76  
∆ (Average 2 – Average 1) ∆L* = -0.05 ∆a* = -0.11 ∆b* = -0.13 0.18 

 
 

    
Reconstruction 13 

Lead white, chalk and raw umber 1:3.5:0.5 thinly applied 
 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 38.35 6.31 13.89  
2 = 38.76 6.01 14.1  
3 = 38.27 6.33 15.15  
Average 1 = 38.46 6.22 14.38  

1 After wax-resin impregnation 38.93 5.83 13.68  
2 = 38.57 5.94 14.07  
3 = 38.79 5.96 14.48  
Average 2 = 38.76 5.91 14.08  
∆ (Average 2 – Average 1) ∆L* = 0.30 ∆a* =- 0.31 ∆b* = -0.30 0.53 
 

Influence of the application thickness on the colour of the grounds before wax-resin impregnation 
 

Measurement Description L* SCE a* SCE b* SCE ∆E* 
Average 1 Reconstruction 11 thick 46.87 6.34 18.35  
Average 1 Reconstruction 11 thin  46.48 6.05 17.04  
∆ (thin – thick) ∆L* = 0.33 ∆a* = -0.03 ∆b* =  0.51 1.40 
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Average 1 Reconstruction 12 thick 43.68 6.45 18.17  
Average 1 Reconstruction 12 thin  43.46 6.32 17.13  
∆ (thin – thick) ∆L* = -0.23 ∆a* = -0.13 ∆b* = 1.04 1.07 

      

Average 1 Reconstruction 13 thick 38,79 6,18 14,89  
Average 1 Reconstruction 13 thin  38.46 6.22 14.38  
∆ (thin – thick) ∆L* = -0.33 ∆a* = 0.03 ∆b* =  -0.51 0.61 

 

Influence of the chalk proportion on the colour of lead white and raw umber containing oil-bound grounds before 
wax-resin impregnation 

 
Measurement Description  L* SCE a* SCE b* SCE ∆E* 

Average 1 
Lead white and raw umber in 
linseed oil 4.5:0.5 

46.87 6.34 18.35  

Average 1 Chalk, lead white, and raw umber 
2.25:2.25:0.5 

43.68 6.45 18.17  

∆ 
 

∆L* = -3.19 ∆a* = 0.11 ∆b* = -0.18 3.20 

      

Average 1 
Lead white and raw umber in 
linseed oil 4.5:0.5 46.87 6.34 18.35  

Average 1 
Chalk, lead white, and raw umber 
3.5:1:0.5 

38,79 6,18 14,89  

∆ 
 ∆L* = -8.13 ∆a* = -0.27 ∆b* = -3.59 8.89 

      

Average 1 Chalk, lead white, and raw umber 
2.25:2.25:0.5 

43.68 6.45 18.17  

Average 1 
Chalk, lead white, and raw umber 
3.5:1:0.5 38,79 6,18 14,89  

∆ 
 

∆L* = -4.94 ∆a* = -0.38 ∆b* = -3.41 6.15 
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Appendix B.2.7 Ground reconstructions composed of ball clay and quartz in linseed oil 
 

Reconstruction 14 
Clay and quartz 4.2:0.8 

 
Measurement Description L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 58.32 3.21 17.16  
2 = 58.82 3.14 17.46  
3 = 58.12 3.26 17.14  
Average 1 = 58.42 3.20 17.25  

1 After wax-resin impregnation 55.88 2.10 14.73  
2 = 54.36 1.92 13.63  
3 = 55.27 1.99 14.39  
Average 2  = 54.36 2.00 14.25  
∆ (Average 2 – Average 1) ∆L* = -4.06 ∆a* = -1.25 ∆b* =  -3.00 5.20 

 
Reconstruction 14 

Clay and quartz 4.2:0.8 thinly applied 
 

Measurement Description L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 58.56 3.31 17.53  
2 = 58.98 3.31 17.72  
3 = 58.61 3.38 17.7  
Average 1 = 58.72 3.33 17.65  

1 After wax-resin impregnation 54.72 1.67 13.14  
2 = 54.44 1.89 14.11  
3 = 54.76 2.02 13.92  
Average 2  = 54.64 1.86 13.72  
∆ (Average 2 – Average 1) ∆L* = -4.08 ∆a* = -1.47 ∆b* =  -3.93 5.85 

 
Ground 15 

Clay, quartz and yellow iron oxide 4.2:0.65:0.15 
 
Measurement Description L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 56.01 8.35 26.25  
2 = 55.97 8.15 25.94  
3 = 56.04 8.42 26.28  
Average 1 = 56.01 8.32 26.16  

1 After wax-resin impregnation 54.65 7.01 24.98  
2 = 55 7.14 24.92  
3 = 54.87 7.07 24.72  
Average 2  = 54.84 7.07 24.87  
∆ (Average 2 – Average 1) ∆L* = -1.17 ∆a* = -1.23 ∆b* =  -1.28 2.13 
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Ground 15 
Clay, quartz and yellow iron oxide 4.2:0.65:0.15 thinly applied 

 
Measurement Description L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 56.08 7.4 25.57  
2 = 55.93 7.97 25.66  
3 = 56.52 8.44 26.89  
Average 1 = 56.18 7.94 26.04  

1 After wax-resin impregnation 53.76 6.33 22.8  
2 = 54.48 6.68 23.88  
3 = 53.13 5.95 22.15  
Average 2  = 53.79 6.32 22.94  
∆ (Average 2 – Average 1) ∆L* = -2.39 ∆a* = -1.62 ∆b* =  -3.10 4.23 

 
Ground 16 

Clay and quartz 3.3:1.7 thickly applied 
 
Measurement Description L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 59.66 2.92 18.56  
2 = 58.69 2.89 17.59  
3 = 58.91 2.94 17.94  
Average 1 = 59.09 2.92 18.03  

1 After wax-resin impregnation 54.49 1.67 14.04  
2 = 54.72 1.72 14.11  
3 = 56.39 2.02 15.52  
Average 2  = 55.2 1.80 14.56  
∆ (Average 2 – Average 1) ∆L* = -3.89 ∆a* = -1.11 ∆b* =  -3.47 5.33 

 
Ground 16 

Clay and quartz 3.3:1.7 thinly applied 
 
Measurement Description L* SCE a* SCE b* SCE ∆E*l 

1 Before impregnation 60.01 3.12 18.99  
2 = 59.51 3.07 18.54  
3 = 58.59 2.94 17.73  
Average 1 = 59.37 3.04 18.42  

1 After wax-resin impregnation 54.39 2.13 14.2  
2 = 55.26 2.1 14.76  
3 = 53.39 1.67 12.95  
Average 2  = 54.35 1.97 13.97  
∆ (Average 2 – Average 1) ∆L* = -5.02 ∆a* = -1.08 ∆b* =  -4.45 6.80 

 
Ground 17 

Clay, quartz and yellow iron oxide 3.3:1.55:0.15 thickly applied 
 
Measurement Description L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 56.12 9.09 27.66  
2 = 56.19 9.18 28.2  
3 = 56.63 9.31 28.55  
Average 1 = 56.31 9.19 28.14  



Experimental results 
 

352 
 

1 After wax-resin impregnation 53.46 6.72 24  
2 = 53.3 6.65 23.68  
3 = 53.65 6.74 23.98  
Average 2  = 53.47 6.70 23.89  
∆ (Average 2 – Average 1) ∆L* = -2.84 ∆a* = -2.49 ∆b* =  -4.25 5.69 

 
Ground 17 

Clay, quartz and yellow iron oxide 3.3:1.55:0.15 thinly applied 
 

 

Measurement Description L* SCE a* SCE b* SCE ∆E* 

1 Before impregnation 55.5 8.92 26.81  
2 = 56.07 8.69 27.51  
3 = 57.02 9.25 28.53  
Average 1 = 56.20 8.95 27.62  

1 After wax-resin impregnation 53.53 6.58 23.49  
2 = 52.72 6.3 22.93  
3 = 53.36 6.59 24.05  
Average 2  = 53.20 6.49 23.49  
∆ (Average 2 – Average 1) ∆L* = -2.99 ∆a* = -2.46 ∆b* =  -4.13 5.66 

 
Influence of the proportion of the quartz on the colour of clay and quartz containing oil-bound grounds before 

wax-resin impregnation 
 

Measurement Description L* SCE a* SCE b* SCE ∆E* 
Average 1 Ball clay 56.03 5.22 25.77  
Average 1 Clay and quartz 4.2:0.8 thick 58.42 3.20 17.25  
∆ 

 
∆L* = 2.39 ∆a* = -2.02 ∆b* =  -8.52 9.07 

      

Average 1 Ball clay  56.03 5.22 25.77  
Average 1 Clay and quartz 3.3:1.7 thick 59.09 2.92 18.03  
∆ 

 ∆L* = 3.06 ∆a* = -2.30 ∆b* =  -7.74 8.63 

      

Average 1 Clay and quartz 4.2:0.8 thick 58.42 3.20 17.25  
Average 1 Clay and quartz 3.3:1.7 thick 59.09 2.92 18.03  
∆ 

 
∆L* = 0.67 ∆a* = -0.29 ∆b* = 0.78 1.06 

      

Average 1 Clay and quartz 4.2:0.8 thin 58.72 3.33 17.65  
Average 1 Clay and quartz 3.3:1.7 thin 59.37 3.04 18.42  
∆ 

 
∆L* = 0.65 ∆a* = -0.29 ∆b* = 0.77 1.05 

      
Influence of the proportion of the quartz on colour of clay and quartz containing oil-bound grounds after wax-

resin impregnation 
 
Measurement Description L* SCE a* SCE b* SCE ∆E* 

Average 2 Ball clay thickly applied 55.57 4.39 22.65  
Average 2 Clay and quartz 4.2:0.8 thick 54.36 2 14.25  
∆ 

 ∆L* = -1.21 ∆a* = -2.39 ∆b* = -8.39 8.81 
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Average 2 Ball clay thickly applied 55.57 4.39 22.65  
Average 2 Clay and quartz 3.3:1.7 thick 55.2 1.8 14.56  
∆ 

 ∆L* = -0.37 ∆a* = -2.59 ∆b* =  -8.09 8.50 

      

Average 2 Clay and quartz 4.2:0.8 thick 54.36 2.00 14.25  
Average 2 Clay and quartz 3.3:1.7 thick 55.2 1.80 14.56  
∆ 

 
∆L* = 0.84 ∆a* = -0.2 ∆b* = 0.31 0.92 

      

Average 2 Clay and quartz 4.2:0.8 thin 54.64 1.86 13.72  
Average 2 Clay and quartz 3.3:1.7 thin 54.35 1.97 13.97  
∆ 

 
∆L* = -0.29 ∆a* = 0.11 ∆b* = 0.25 0.4 

      
Influence of the proportion of the quartz on the colour of clay, quartz and yellow iron oxide containing oil-bound 

grounds before wax-resin impregnation 
 
Measurement Description L* SCE a* SCE b* SCE ∆E* 

Average 1 
Clay, quartz and yellow iron oxide 
4.2:0.65:0.15 thick  

56.01 8.32 26.16  

Average 1 Clay, quartz and yellow iron oxide 
3.3:1.5:0.2 thick 

56.31 9.19 28.14  

∆ 
 

∆L* = 0.31 ∆a* = 0.89 ∆b* = 1.98 2.19 

Average 1 Clay, quartz and yellow iron oxide 
4.2:0.65:0.15 thin 

56.18 7.94 26.04  

Average 1 
Clay, quartz and yellow iron oxide 
3.3:1.5:0.2 thin 56.20 8.95 27.62  

∆ ∆L* = 0.02 ∆a* = 1.02 ∆b* = 1.58 1.88 

      
Influence of the proportion of the quartz on the colour of clay, quartz and yellow iron oxide containing oil-bound 

grounds after wax-resin impregnation 
 
Measurement Description L* SCE a* SCE b* SCE ∆E* 

Average 2 
Clay, quartz and yellow iron oxide 
4.2:0.65:0.15 thick  54.84 7.07 24.87 

 

Average 2 Clay, quartz and yellow iron oxide 
3.3:1.5:0.2 thick 53.47 6.70 23.89 

 

∆ 
 

∆L* = -1.37 ∆a* = -0.37 ∆b* = -0.99 1.73 

Average 1 Clay, quartz and yellow iron oxide 
4.2:0.65:0.15 thin 

56.18 7.94 26.04  

Average 1 
Clay, quartz and yellow iron oxide 
3.3:1.5:0.2 thin 

56.20 8.95 27.62  

∆ ∆L* = 0.02 ∆a* = 1.02 ∆b* = 1.58 1.88 

      
Influence of the thickness of ground layers on colour of clay and quartz containing oil-bound grounds before wax-

resin impregnation 
 
Measurement Description L* SCE a* SCE b* SCE ∆E* 

Average 1 Clay and quartz 4.2:0.8 thick  58.42 3.20 17.25  
Average 1 Clay and quartz 4.2:0.8 thin  58.72 3.33 17.65  
∆ (thin – thick) ∆L* = 0.28 ∆a* = 0.1 ∆b* = 0.53 0.60 

      

Average 1  Clay and quartz 3.3:1.7 thick  59.09 2.92 18.03  
Average 1 Clay and quartz 3.3:1.7 thin 59.37 3.04 18.42  

∆ (thin – thick) ∆L* = 0.28 ∆a* = 0.13 ∆b* = 0.39 0.50 



Experimental results 
 

354 
 

      
Influence of the thickness of ground layers on colour of clay, quartz, and yellow iron oxide containing oil-bound 

grounds before wax-resin impregnation 
      
Measurement Description L* SCE a* SCE b* SCE ∆E* 

Average 1 Clay, quartz and yellow iron oxide 
3.3:1.5:0.2 thick 

56.31 9.19 28.14 
 

Average 1 
Clay. quartz and yellow iron oxide 
3.3:1.5:0.2 thin  

56.20 8.95 27.62 
 

∆ (thin – thick) ∆L* = -0.12 ∆a* = -0.24 ∆b* =  -0.52 0.58 

      

Average 1 Clay, quartz and yellow iron oxide 
4.2:0.65:0.15 thick 

56.01 8.32 26.16 
 

Average 1 
Clay, quartz and yellow iron oxide 
4.2:0.65:0.15 thin 

56.18 7.94 26.04 
 

∆ (thin – thick) ∆L* = 0.17 ∆a* = -0.37 ∆b* =  -0.12 0.42 

      
Influence of the thickness of ground layers on colour of clay and quartz containing oil-bound grounds after wax-

resin impregnation 
 
Measurement Description L* SCE a* SCE b* SCE ∆E* 

Average 2 Clay and quartz 4.2:0.8 thick  54.36 1.955 14.25  
Average 2 Clay and quartz 4.2:0.8 thin  54.64 1.86 13.72  
∆ (thin – thick) ∆L* = 0.28 ∆a* = -0.1 ∆b* =  -0.53 0.60 

      

Average 2 Clay and quartz 4.2:0.8 thick  
54.36 1.955 14.25 

 

Average 2 Clay and quartz 3.3:1.7 thin 
54.35 1.97 13.97 

 

∆ (thin – thick) ∆L* = -0.01 ∆a* = 0.01 ∆b* = -0.28 0.28 
      

Average 2 Clay and quartz 3.3:1.7 thin  55.2 1.80 14.56  
Average 2 Clay and quartz 3.3:1.7 thin 54.35 1.97 13.97  
∆ (thin – thick) ∆L* = -0.85 ∆a* = 0.16 ∆b* = -0.59 1.05 

      
Influence of the thickness of ground layers on colour of clay, quartz, and yellow iron oxide containing oil-bound 

grounds after wax-resin impregnation 
      
Measurement Description L* SCE a* SCE b* SCE ∆E* 

Average 2 Clay, quartz and yellow iron oxide 
4.2:0.65:0.15 thick 

54.84 7.073 24.87  

Average 2 
Clay, quartz and yellow iron oxide 
4.2:0.65:0.15 thin 53.79 6.32 22.94  

∆ (thin – thick) ∆L* = -1.05 ∆a* = -0.75 ∆b* =  -1.93 2.32 

      

Average 2 
Clay, quartz and yellow iron oxide 
3.3:1.5:0.2 thick 53.47 6.70 23.89  

Average 2 Clay, quartz and yellow iron oxide 
3.3:1.5:0.2 oil thin  

53.20 6.49 23.49  

∆ (thin – thick) ∆L* = -0.27 ∆a* = -0.21 ∆b* =  -0.40 0.52 
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Appendix B.2.8 Tables summarising results of colour differences of the reconstructions after 
wax-resin impregnation 
 

Ground reconstructions containing one pigment type 

 
Reference Composition Spec. thickness ∆L* ∆a* ∆b* ∆E* 

Ch-oil Chalk in linseed oil  -3.20 -0.69 -4.29  5.40 

Clb-oil Ball clay in linseed oil  -0.46 -0.82 -3.12  3.26 

Clb-oil-thin Ball clay in linseed oil  Thinly applied -3.73 -2.23 -2.60 4.72 

LW-oil Lead white in linseed oil  -0.11 -0.18 -0.42  0.47 

LW-oil Lead white in linseed oil Thinly applied -1.2 -0.05 -0.91 1.50 

YO-oil Yellow iron oxide in linseed oil  -0.37 -0.29 -0.23   0.53 

RU-oil Raw umber in linseed oil  -0.52 0 -0.02  0.52 

CB-oil Charcoal black in linseed oil   0.96 -0.17 -0.91 1.34 

RO-oil Red iron oxide in linseed oil   0.06 -0.34 -0.27 0.43 

RT-oil Tile red in linseed oil  -0.12 -0.77 -0.72 1.06 

Clm-oil Maas river clay in linseed oil   0.46 -0.85 -0.93 1.34 
 

Ch-glue Chalk in animal glue  -18.69 0.55 6.77  19.89 

Ch-glue -thin Chalk in animal glue  Thinly applied -21.30 0.51 5.82  22.09 

YO-glue Yellow iron oxide in animal glue  -10.94 -0.32 -5.41 12.21 

RU-glue Raw umber in animal glue  -6.81 -4.9 -12.44 15.01 

CB-glue Charcoal black in animal glue  -0.83 -0.25 -2.40 2.55 

RO-glue Red iron oxide in animal glue  -8.76 -5.96 -7.57 13.02 

RT-glue Tile red in animal glue  -14.17 -2.33 -10.86 18.00 
 

Ground reconstructions composed of chalk and yellow iron oxide in linseed oil 

 
Reference Composition Spec. thickness ∆L* ∆a* ∆b* ∆E* 

1 Chalk and yellow iron oxide 4.9:0.1  -1.02 -0.46 -1.3 1.71 

1-thin Chalk and yellow iron oxide 4.9:0.1  Thinly applied -1.49 -2.06 -4.33 5.02 

2 Chalk and yellow iron oxide 4.5:0.5  -0.48 -0.88 -1.22 1.58 
 

Ground reconstructions composed of chalk and raw umber in linseed oil 

 
Reference Composition Spec. thickness ∆L* ∆a* ∆b* ∆E* 

3 Chalk and raw umber 4.9:0.1  -0.23 -0.25 -0.70 0.78 

4 Chalk and raw umber 4.5:0.5  -0.02 0.04 -0.19 0.19 
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Ground reconstructions composed of yellow iron oxide and raw umber with and without chalk in linseed oil 

 
Reference Composition Spec. thickness ∆L* ∆a* ∆b* ∆E* 

5 Raw umber and yellow iron oxide 2.5:2.5 
 

Applied in a 200 
micron thickness 

-0.10 -0.04 0.01 0.10 

6 Chalk, raw umber, and yellow iron oxide 
4.9:0.05:0.05 

Applied in a 200 
micron thickness 

0 -0.12 -1.38 1.38 

6 
Chalk, raw umber, and yellow iron oxide 
4.9:0.05:0.05  

Applied in a 150 
micron thickness 

-1.36 -1.47 -1.59 2.55 

6 
Chalk, raw umber, and yellow iron oxide 
4.9:0.05:0.05  

Applied in a 100 
micron thickness -1.80 -1.57 -1.96 3.09 

6 
Chalk, raw umber, and yellow iron oxide 
4.9:0.05:0.05  

Applied in a 50 
micron thickness -4.64 -1.16 -2.92 5.60 

7 Chalk, raw umber, and yellow iron oxide 
4.7:0.15:0.15 

Applied in a 200 
micron thickness 

0.05 -0.21 -0.52 0.56 

8 Chalk, raw umber, and yellow iron oxide 
4.5:0.25:0.25  

Applied in a 200 
micron thickness 

0.06 -0.16 -0.29 0.33 

 

Ground reconstructions composed of lead white and chalk in linseed oil 

 
Reference Composition Spec. thickness ∆L* ∆a* ∆b* ∆E* 

9 Chalk and lead white 2.5:2.5  0.50 0.61 -5.86 5.91 

10 Chalk and lead white 4:1  0.80 0.28 -6.88 6.90 

10 Chalk and lead white 4:1 Thinly applied -0.46 -0.05 -8.26 8.27 
 

Ground reconstructions composed of lead white and raw umber with and without chalk in linseed oil 
 

Reference Composition Spec. thickness ∆L* ∆a* ∆b* ∆E* 

11 Lead white and raw umber 4.5:0.5  0.19 -0.15 -0.90 0.95 

11 Lead white and raw umber 4.5:0.5  Thinly applied 0.11 0.10 0.25 0.29 

12 
Lead white, chalk and raw umber 
2.25:2.25:0.5  -0.32 0.02 -0.26 0.41 

12 Lead white, chalk and raw umber 
2.25:2.25:0.5 

Thinly applied 0.03 10.15 -0.11 0.19 

13 Lead white, chalk and raw umber 
1:3.5:0.5 

 -0.05 -0.11 -0.13 0.18 

13 
Lead white, chalk and raw umber 
1:3.5:0.5  

Thinly applied 0.30 - 0.31 -0.30 0.53 

 

  



Appendix B 

357 
 

 

Ground reconstructions composed of ball clay and quartz in linseed oil  

 
Reference Composition Spec. thickness ∆L* ∆a* ∆b* ∆E* 

14 Clay and quartz 4.2:0.8  -4.06 -1.25  -3.00 5.20 

14 Clay and quartz 4.2:0.8  Thinly applied -4.08 -1.47 -3.93 5.85 

15 Clay, quartz and yellow iron oxide 
4.2:0.65:0.15 

 -1.17 -1.23  -1.28 2.13 

15 
Clay, quartz and yellow iron oxide 
4.2:0.65:0.15 

Thinly applied -2.39 -1.62 -3.10 4.23 

16 Clay and quartz 3.3:1.7  -3.89 -1.11 -3.47 5.33 

16 Clay and quartz 3.3:1.7 Thinly applied -5.02 -1.08 -4.45 6.80 

17 Clay, quartz and yellow iron oxide 
3.3:1.55:0.15 

 -2.84 -2.49 -4.25 5.69 

17 
Clay, quartz and yellow iron oxide 
3.3:1.55:0.15  

Thinly applied -2.99 -2.46 -4.13 5.66 
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APPENDIX B.3  
Raw data of colour measurements of ground samples applied on unsealed 
opacity-display charts, form N9A 
 
Appendix B.3.1 Grounds composed of one pigment type 
 
Grounds composed of one pigment type in linseed oil 

 
Ball clay 

 
On white background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 62.88 8.06 31.32  
2 = 64.8 7.97 32.87  
3 = 63.61 8.04 32.25  
Average 1 = 63.76 8.02 32.15  

1 50 microns 74.36 4.08 30.74  
2 = 74.19 4.01 30.71  
3 = 72.36 5.13 31.88  
Average 2 = 73.64 4.41 31.11  

 
On black background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 56.66 1.03 20.1  
2 = 56.28 0.92 19.62  
3 = 56.35 1.04 20.51  
Average 3 = 56.43 1.00 20.08  

1 50 microns 53.21 -1.28 11.98  
2 = 55.48 -1.07 13.93  
3 = 56.01 -0.76 14.89  
Average 4 = 54.9 -1.037 13.6  

 
Colour differences depending on thickness 

Measurement Thickness L* SCE a* SCE b* SCE ∆E* 

Average 1 200 microns on white background 63.76 8.02 32.15  
Average 2 50 microns on white background 73.64 4.41 31.11  
∆ (Average 2 – Average 1) ∆L* = 9.87 ∆a* = -3.62 ∆b* = -1.04 10.57 

 
Colour differences depending on the colour of the background 

Measurement Thickness L* SCE a* SCE b* SCE ∆E* 

Average 3 200 microns on black background 56.43 1.00 20.08  
Average 1 200 microns on white background 73.64 4.41 31.11  
∆ (Average 1 – Average 3) ∆L*= 17.33 ∆a*= 7.03 ∆b*= 12.07 15.77 

      

Average 4 50 microns on black background 54.9 -1.04 13.6  
Average 2 50 microns on white background 73.64 4.41 31.11  
∆ (Average 2 – Average 4) ∆L* = 18.74 ∆a* = 5.44 ∆b* = 17.51 26.22 
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Maas river clay 
 

On white background 
Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 36.17 9.27 12.24  
2 = 35.65 8.53 11.32  
3 = 34.76 7.35 9.97  
Average 1 = 35.53 8.38 11.18  

1 50 microns 45.57 13.3 26.03  
2 = 42.5 13.17 22.19  
3 = 43.11 13.38 23.41  
Average 2 = 43.73 13.28 23.88  

 
On black background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 32.56 2.5 6.48  
2 = 32.26 2.34 6.42  
3 = 31.91 3.26 7.66  
Average 3 = 32.24 2.7 6.85  

1 50 microns 32.63 2.31 6.33  
2 = 32.06 1.62 5.43  
3 = 32.03 1.53 5.33  
Average 4 = 32.24 1.82 5.7  

 
Colour differences depending on thickness 

Measurement Thickness L* SCE a* SCE b* SCE ∆E* 

Average 1 200 microns on white background 35.53 8.38 11.18  
Average 2 50 microns on white background 43.73 13.28 23.88  
∆ (Average 2 – Average 1) ∆L* = 8.2 ∆a* = 4.9 ∆b* = 12.7 15.89 

 
Colour differences depending on the background’s colour 

Measurement Thickness L* SCE a* SCE b* SCE ∆E* 

Average 3 200 microns on black background 32.24 2.7 6.85  
Average 1 200 microns on white background 35.53 8.38 11.18  
∆ (Average 1 – Average 3) ∆L* = 3.28 ∆a* = 5.68 ∆b* = 4.32 7.86 

      

Average 4 50 microns on black background 32.24 1.82 5.7  
Average 2 50 microns on white background 43.73 13.28 23.88  
∆ (Average 2 – Average 4) ∆L* = 11.49 ∆a* = 11.46 ∆b* = 18.18 24.36 
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Chalk 
 

On white background 
Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 74.14 3.97 32.37  
2 = 74.37 3.86 33.08  
3 = 74.43 3.9 32.95  
Average 1 = 74.31 3.91 32.8  

1 50 microns 78.78 2.63 32.47  
2 = 78.95 2.63 32.14  
3 = 79.63 2.61 31.74  
Average 2 = 79.12 2.62 32.17  

 
On black background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 67.72 0.21 28.52  
2 = 67.42 0.02 27.36  
3 = 67 -0.4 25.56  
Average 3 = 67.38 -0.06 27.15  

1 50 microns 66.12 -1.47 21.76  
2 = 66.45 -1.75 20.49  
3 = 66.94 -1.66 21  
Average 4 = 66.50 -1.63 21.08  

 
Colour differences depending on thickness 

Measurement Thickness L* SCE a* SCE b* SCE ∆E* 

Average 1 200 microns on white background 74.31 3.91 32.8  
Average 2 50 microns on white background 79.12 2.62 32.17  
∆ (Average 2 – Average 1) ∆L* = 4.81 ∆a* = -1.29 ∆b* = -0.68 5.03 

 
Colour differences depending on the background’s colour 

Measurement Thickness L* SCE a* SCE b* SCE ∆E* 

Average 3 200 microns on black background 67.38 -0.06 27.15  
Average 1 200 microns on white background 74.33 3.91 32.8  
∆ (Average 1 – Average 3) ∆L* = 6.93 ∆a* = 3.97 ∆b* = 5.65 9.79 

      

Average 4 50 microns on black background 66.50 -1.63 21.08  
Average 2 50 microns on white background 79.12 2.62 32.12  
∆ (Average 2 – Average 4) ∆L* = 12.62 ∆a* = 4.25 ∆b* = 11.03 17.29 

 
Lead white 

 
On white background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 91.66 -0.89 8.95  
2 = 91.46 -0.9 8.7  
3 = 91.6 -0.86 8.36  
Average 1 = 91.57 -0.88 8.67  
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1 50 microns 91.8 -1.08 9.77  
2 = 91.93 -1.13 9.76  
3 = 91.98 -1.1 10.15  
Average 2 = 91.90 -1.10 9.89  

 
On black background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 90.62 -1.9 6.66  
2 = 90.33 -1.89 5.97  
3 = 90.06 -1.98 6.14  
Average 3 = 90.34 -1.92 6.26  

1 50 microns 82.39 -2.13 0.89  
2 = 80.74 -2.15 0.04  
3 = 81.59 -2.22 0.49  
Average 4 = 81.57 -2.17 0.47  

 
Colour differences depending on thickness 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 91.57 -0.88 8.67  
Average 2 50 microns on white background 91.90 -1.10 9.89  
∆ (Average 2 – Average 1) ∆L* = 0.33 ∆a* = -0.22 ∆b* = 1.22 1.29 

 
Colour differences depending on the background’s colour 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 3 200 microns on black background 90.34 -1.92 6.26  
Average 1 200 microns on white background 91.57 -0.88 8.67  
∆ (Average 1 – Average 3) ∆L* = 1.23 ∆a* = 1.04 ∆b* = 2.41 2.90 

      

Average 4 50 microns on black background 81.57 -2.17 0.47  
Average 2 50 microns on white background 91.90 -1.10 9.89  
∆ (Average 2 – Average 4) ∆L *= 10.33 ∆a* = 1.07 ∆b* = 9.42 14.02 

 
Tile red 

 
On white background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 150 microns 39.91 23 24.4  
2 = 40.32 23.3 25  
3 = 39.93 23.39 25.09  
Average 1 = 40.05 23.23 24.83  

1 50 microns 41.97 25.7 27.39  
2 = 42.01 26.76 28.99  
3 = 42.63 27.31 29.7  
Average 2 = 42.20 26.59 28.69  
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On black background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 150 microns 40.23 23.21 25.29  
2 = 40.21 22.73 24.79  
3 = 40.25 23.15 25.25  
Average 3 = 40.23 23.03 25.11  

1 50 microns 41.09 23.05 26.85  
2 = 40.77 22.9 27.12  
3 = 40.8 24.06 27.35  
Average 4 = 40.89 23.34 27.11  

 
Colour differences depending on thickness 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 1 150 microns on white background 40.05 23.23 24.83  
Average 2 150 microns on white background 42.20 26.59 28.69  
∆ (Average 2 – Average 1) ∆L* = 2.15 ∆a* = 3.36 ∆b* = 3.86 5.55 

 
Colour differences depending on the background’s colour 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 3 150 microns on black background 40.23 23.03 25.11  
Average 1 150 microns on white background 40.05 23.23 24.83  
∆ (Average 1 – Average 3) ∆L* = -018 ∆a* = 0.2 ∆b* = -0.28 0.39 

      

Average 4 50 microns on black background 40.89 23.34 27.11  
Average 2 50 microns on white background 42.20 26.59 28.69  
∆ (Average 2 – Average 4) ∆L* = 1.32 ∆a* = 3.25 ∆b* = 1.57 3.85 

 
Yellow iron oxide 

 
On white background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 100 microns 55.44 18.73 39.43  
2 = 54.85 18.8 39.04  
3 = 55.21 18.86 39.09  
Average 1 = 55.17 18.80 39.19  

1 50 microns 56.17 18.56 39.55  
2 = 56.37 18.5 39.71  
3 = 56.25 18.62 39.76  
Average 2 = 56.26 18.56 39.67  

 
On black background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 100 microns 56 18.29 39.49  
2 = 55.46 18.25 38.99  
3 = 55.65 18.3 39.23  
Average 3 = 55.70 18.28 39.24  
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1 50 microns 56.6 17.91 39.61  
2 = 56.55 17.98 39.71  
3 = 56.86 18.11 39.92  
Average 4 = 56.67 18.00 39.75  

 
Colour differences depending on thickness 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 1 100 microns on white background 55.17 18.80 39.19  
Average 2 50 microns on white background 56.26 18.56 39.67  
∆ (Average 2 – Average 1) ∆L* = -1.1 ∆a* = 0.24 ∆b* = -0.49 1.22 

 
Colour differences depending on the background’s colour 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 3 100 microns on black background 55.70 18.28 39.24  
Average 1 100 microns on white background 55.17 18.80 39.19  
∆ (Average 1 – Average 3) ∆L* = -0.54 ∆a* = 0.52 ∆b* = -0.05 0.74 

      

Average 4 50 microns on black background 56.67 18.00 39.75  
Average 2 50 microns on white background 56.26 18.56 39.67  
∆ (Average 2 – Average 4) ∆L* = -0.51 ∆a* = 0.56 ∆b* = -0.07 0.70 

 
Red iron oxide 

 
On white background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 35.77 21.85 17.15  
2 = 35.77 21.85 17.2  
3 = 35.77 21.72 16.94  
Average 1 = 35.77 21.81 17.10  

1 50 microns 36.22 22.13 17.69  
2 = 36.12 22.54 18.16  
3 = 36.03 22.45 18.08  
Average 2 = 36.12 22.37 17.98  

 
On black background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 36.11 21.79 17.42  
2 = 35.88 21.9 17.54  
3 = 36.25 21.9 17.55  
Average 3 = 36.08 21.86 17.50  

1 50 microns 36.05 22.47 18.17  
2 = 35.89 22.59 18.38  
3 = 35.93 22.68 18.45  
Average 4 = 35.96 22.58 18.33  
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Colour differences depending on thickness 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 35.77 21.81 17.10  
Average 2 50 microns on white background 36.12 22.37 17.98  
∆ (Average 2 – Average 1) ∆L* = 0.35 ∆a* = 0.57 ∆b* = 0.88 1.10 

 
Colour differences depending on the background’s colour 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 3 200 microns on black background 36.08 21.86 17.50  
Average 1 200 microns on white background 35.77 21.81 17.10  
∆ (Average 1 – Average 3) ∆L* = 0.18 ∆a* = -0.21 ∆b* = -0.36 0.44 

      

Average 4 50 microns on black background 35.96 22.58 18.33  
Average 2 50 microns on white background 36.12 22.37 17.98  
∆ (Average 2 – Average 4) ∆L* = 0.17 ∆a* = 0.2 ∆b* = -0.28 0.39 

 
Raw umber 

 
On white background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 27.46 2.27 3.98  
2 = 27.19 2.32 4.2  
3 = 27.42 2.33 4.28  
Average 1 = 27.36 2.31 4.15  

1 50 microns 27.17 2.34 3.58  
2 = 27.42 2.29 3.76  
3 = 27.28 2.39 4.07  
Average 2 = 27.29 2.34 3.80  

1 150 microns 26.83 2.4 4.35  
2 = 27.4 2.35 4.02  
3 = 27.63 2.34 4.13  
Average 3 = 27.29 2.36 4.17  

 
On black background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 150 microns 27.06 2.45 4.13  
2 = 26.71 2.53 4.45  
3 = 25.85 2.47 4.29  
Average 4 = 26.54 2.48 4.29  

 
Colour differences depending on thickness 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 27.36 2.31 4.15  
Average 2 50 microns on white background 27.29 2.34 3.80  
∆ (Average 2 – Average 1) ∆L* = -0.07 ∆a* = 0.03 ∆b* = -0.35 0.36 
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Colour differences depending on the background’s colour 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 4 150 microns on black background 26.54 2.48 4.29  
Average 3 150 microns on white background 27.29 2.36 4.17  
∆ (Average 3 – Average 4) ∆L* = 0.75 ∆a* = -0.12 ∆b* = 0.12 0.75 

 
Charcoal black 

 
On white background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 20.94 0.33 1.59  
2 = 20.87 0.39 1.51  
3 = 21.07 0.38 1.39  
Average 1 = 20.96 0.37 1.50  

1 50 microns 21.29 0.35 1.77  
2 = 21.03 0.39 1.8  
3 = 21.15 0.36 1.81  
Average 2 = 21.16 0.37 1.79  

 
On black background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 20.38 0.46 1.67  
2 = 20.35 0.42 1.64  
3 = 20.51 0.43 1.61  
Average 3 = 20.41 0.44 1.64  

1 50 microns 21.41 0.41 1.74  
2 = 21.24 0.39 1.77  
3 = 21.35 0.34 1.78  
Average 4 = 21.33 0.38 1.76  
Delta  ∆L*= 0.20 ∆a*= 0 ∆b*= 0.30 ∆E*= 0.36 

 
Colour differences depending on thickness 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 20.96 0.37 1.50  
Average 2 50 microns on white background 21.16 0.37 1.79  
∆ (Average 2 – Average 1) ∆L* = 0.92 ∆a* = -0.06 ∆b* = 0.12 0.93 

 
Colour differences depending on the background’s colour 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 3 200 microns on black background 20.41 0.44 1.64  
Average 1 200 microns on white background 20.96 0.37 1.50  
∆ (Average 1 – Average 3) ∆L*= 0.55 ∆a*= -0.07 ∆b*= -0.14 ∆E*= 0.57 

      

Average 4 50 microns on black background 21.33 0.38 1.76  
Average 2 50 microns on white background 21.16 0.37 1.79  
∆ (Average 2 – Average 4) ∆L*= -0.18 ∆a*= -0.01 ∆b*= -0.54 ∆E*= 0.18 
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Grounds containing one pigment type in animal glue 
 

Chalk 
 

On white background 
Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 91.31 0.91 5.06  
2 = 91.27 0.89 5.87  
3 = 91.25 0.99 5.92  
Average 1 = 91.28 0.93 5.62  

1 50 microns 91.95 0.81 5.93  
2 = 92.34 0.58 5.93  
3 = 92.55 0.42 5.69  
Average 2 = 92.28 0.60 5.85  

 
On black background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 90.98 0.56 5.48  
2 = 91.09 0.61 5.57  
3 = 90.98 0.72 5.66  
Average 3 = 91.02 0.63 5.57  

1 50 microns 86.83 -0.27 2.64  
2 = 87.25 -0.24 2.22  
3 = 86 -0.31 1.65  
Average 4 = 86.69 -0.27 2.17  

 
Colour differences depending on thickness 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 91.28 0.93 5.62  
Average 2 50 microns on white background 92.28 0.60 5.85  
∆ (Average 2 – Average 1) ∆L* = 1.00 ∆a* = -0.33 ∆b* = 0.23 1.08 

 
Colour differences depending on the background’s colour 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 3 200 microns on black background 91.02 0.63 5.57  
Average 1 200 microns on white background 91.28 0.93 5.62  
∆ (Average 1 – Average 3) ∆L* = 0.26 ∆a* = 0.3 ∆b* = 0.05 0.4 

      

Average 4 50 microns on black background 86.69 -0.27 2.17  
Average 2 50 microns on white background 92.28 0.60 5.85  
∆ (Average 2 – Average 4) ∆L* = 5.59 ∆a* = 0.88 ∆b* = 3.68 6.75 

 
Chalk with wax-resin 

 
On white background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 84.73 1.17 19.44  
2 = 83.21 2.16 17.74  
3 = 82.19 2.52 18.71  
Average 1 = 83.38 1.95 18.63  
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1 50 microns 88.04 0.11 14.61  
2 = 87.53 0.28 15.53  
3 = 86.42 0.55 16.44  
Average 2 = 87.33 0.31 15.53  

 
On black background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 83.29 1.26 15.35  
2 = 83.39 1.26 15.68  
3 = 84.69 1.18 14.54  
Average 3 = 83.79 1.23 15.19  

1 50 microns 77.24 -0.49 6.85  
2 = 81.02 -0.054 5.92  
3 = 80.98 -0.54 5.37  
Average 4 = 79.75 -0.36 6.05  

 
Colour differences depending on thickness 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 83.38 1.95 18.63  
Average 2 50 microns on white background 87.33 0.31 15.53  
∆ (Average 2 – Average 1) ∆L* = 3.95 ∆a* = -1.64 ∆b* = -3.1 5.28 

 
Colour differences depending on the background’s colour 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 3 200 microns on black background 83.79 1.23 15.19  
Average 1 200 microns on white background 83.38 1.95 18.63  
∆ (Average 1 – Average 3) ∆L* = -0.41 ∆a* = 0.72 ∆b* = 3.44 3.54 

      

Average 4 50 microns on black background 79.75 -0.36 6.05  
Average 2 50 microns on white background 87.33 0.31 15.53  
∆ (Average 2 – Average 4) ∆L* = 7.58 ∆a* = 0.67 ∆b* = 9.48 12.56 

 
Yellow iron oxide 

 
On white background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 64.63 17.14 41.8  
2 = 64.45 17.2 41.99  
3 = 64.62 17.14 42.08  
Average 1 = 64.57 17.16 41.96  

1 50 microns 64.98 18.18 42.76  
2 = 65.05 17.85 42.34  
3 = 64.72 17.83 42.52  
Average 2 = 64.92 17.95 42.54  
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On black background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 64.38 17.29 42.1  
2 = 64.34 17.31 42.17  
3 = 64.13 17.34 42.17  
Average 3 = 64.28 17.31 42.15  

1 50 microns 63.94 16.67 41.51  
2 = 63.88 15.95 41.79  
3 = 63.55 16.13 40.96  
Average 4 = 63.79 16.25 41.42  

 
Colour differences depending on thickness 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 64.28 17.31 42.15  
Average 2 50 microns on white background 63.79 16.25 41.42  
∆ (Average 2 – Average 1) ∆L* = 0.35 ∆a* = 0.79 ∆b* = 0.58 1.05 

 
Colour differences depending on the background’s colour 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 3 200 microns on black background 64.28 17.31 42.15  
Average 1 200 microns on white background 64.57 17.16 41.96  
∆ (Average 1 – Average 3) ∆L* = 0.28 ∆a* = 0.15 ∆b* = 0.02 0.37 

      

Average 4 50 microns on black background 63.79 16.25 41.42  
Average 2 50 microns on white background 64.92 17.95 42.54  
∆ (Average 2 – Average 4) ∆L* = 1.13 ∆a* = -1.70 ∆b* = 1.12 2.33 

 
Raw umber 

 
On white background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 32.47 7.35 16.17  
2 = 32.44 7.33 16.09  
3 = 32.46 7.32 16.03  
Average 1 = 32.46 7.33 16.1  

1 50 microns 32.24 7.32 16.23  
2 = 32.21 7.32 16.15  
3 = 32.3 7.46 16.31  
Average 2 = 32.25 7.37 16.23  

 
On black background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 32.36 7.32 15.93  
2 = 32.23 7.36 15.92  
3 = 32.45 7.4 16.06  
Average 3 = 32.35 7.36 15.97  
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1 50 microns 32.5 7.33 16.28  
2 = 32.55 7.28 16.21  
3 = 32.16 7.36 16.13  
Average 4 = 32.40 7.32 16.21  

 
Colour differences depending on thickness 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 32.46 7.33 16.1  
Average 2 50 microns on white background 32.25 7.37 16.23  
∆ (Average 2 – Average 1) ∆L* = -0.21 ∆a* = 0.04 ∆b* = 0.13 0.25 

 
Colour differences depending on the background’s colour 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 3 200 microns on black background 32.35 7.36 15.97  
Average 1 200 microns on white background 32.46 7.33 16.1  
∆ (Average 1 – Average 3) ∆L* = 0.11 ∆a* = -0.03 ∆b* = 0.13 0.17 

      

Average 4 50 microns on black background 32.40 7.32 16.21  
Average 2 50 microns on white background 32.25 7.37 16.23  
∆ (Average 2 – Average 4) ∆L* = -0.15 ∆a* = 0.04 ∆b* = 0.02 0.16 

 
Red iron oxide 

 
On white background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 43.39 28.55 26.02  
2 = 43.36 28.71 26.24  
3 = 43.48 28.61 26.14  
Average 1 = 43.41 28.62 26.13  

1 50 microns 44.22 28.5 25.8  
2 = 44.52 28.61 25.77  
3 = 44.49 28.54 25.83  
Average 2 = 44.41 28.55 25.8  

 
On black background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 43.31 28.87 26.55  
2 = 43.2 28.79 26.5  
3 = 43.3 28.62 26.23  
Average 3 = 43.27 28.76 26.43  

1 50 microns 43.76 27.82 25.91  
2 = 43.55 28.57 26.26  
3 = 46.66 28.58 26.2  
Average 4 = 44.66 28.32 26.12  

 
Colour differences depending on thickness 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 43.41 28.62 26.13  
Average 2 50 microns on white background 44.41 28.55 25.8  
∆ (Average 2 – Average 1) ∆L* = 1 ∆a* = -0.07 ∆b* = -0.33 1.05 
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Colour differences depending on the background’s colour 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  
Average 3 200 microns on black background 43.27 28.76 26.43  
Average 1 200 microns on white background 43.41 28.62 26.13  
∆ (Average 1 – Average 3) ∆L* = 0.14 ∆a* = -0.14 ∆b* = 0.29 0.35 

 
Tile red 

 
On white background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 55.49 25.62 33.8  
2 = 54.88 25.69 33.57  
3 = 54.46 25.65 33.43  
Average 1 = 54.94 25.65 33.6  

1 50 microns 55.55 25.99 32.4  
2 = 55.28 25.43 33.62  
3 = 55.28 25.46 33.61  
Average 2 = 55.37 25.63 33.21  

 
On black background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 54.43 25.6 33.74  
2 = 54.39 25.45 33.49  
3 = 54.86 25.6 33.94  
Average 3 = 54.56 25.55 33.72  

1 50 microns 54.5 25.82 34.41  
2 = 54.68 25.7 34.18  
3 = 54.3 25.75 34.05  
Average 4 = 54.49 25.76 34.21  

 
Colour differences depending on thickness 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 54.94 25.65 33.6  
Average 2 50 microns on white background 55.37 25.63 33.21  
∆ (Average 2 – Average 1) ∆L* = 0.43 ∆a* = -0.02 ∆b* = -0.39 0.58 

 
Colour differences depending on the background’s colour 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 3 200 microns on black background 54.56 25.55 33.72  
Average 1 200 microns on white background 54.94 25.65 33.6  
∆ (Average 1 – Average 3) ∆L* = 0.38 ∆a* = 0.10 ∆b* = -0.12 0.42 

      

Average 4 50 microns on black background 54.49 25.76 34.21  
Average 2 50 microns on white background 55.37 25.63 33.21  
∆ (Average 2 – Average 4) ∆L* = 0.88 ∆a* = -0.13 ∆b* = -1.00 1.34 
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Appendix B.3.2 Grounds composed of chalk and yellow iron oxide in linseed oil 
 

Ground 1 
Chalk and yellow iron oxide 4.9:0.1 

 
On white background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 68.08 13.21 37.87  
2 = 69.43 12.59 36.09  
3 = 69.48 12.94 39.14  
Average 1 = 69 12.91 37.7  

1 50 microns 75.32 10.23 37.08  
2 = 75.06 10.53 36.67  
3 = 75.82 10.07 37.61  
Average 2 = 75.4 10.28 37.12  

 
On black background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 66.7 4.66 27.26  
2 = 67.05 4.4 26.11  
3 = 67.03 4.93 27.11  
Average 3 = 66.93 4.66 26.83  

1 50 microns 65.77 2.12 24.47  
2 = 65.93 2.47 25.06  
3 = 65.07 1.96 24.17  
Average 4 = 65.59 2.18 24.57  

 
Colour differences depending on thickness 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 69 12.91 37.7  
Average 2 50 microns on white background 75.4 10.28 37.12  
∆ (Average 2 – Average 1) ∆L* = 6.40 ∆a* = -2.64 ∆b* =  -0.58 6.95 

 
Colour differences depending on the background’s colour 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 3 200 microns on black background 66.93 4.66 26.83  
Average 1 200 microns on white background 69.00 12.91 37.7  
∆ (Average 1 – Average 3) ∆L* = 2.07 ∆a* = 8.25 ∆b* = 10.87 13.80 

 
Ground 2 

Chalk and yellow iron oxide 4.5:0.5 
 

On white background 
Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 64.71 16.69 38.29  
2 = 65.22 17.28 39.54  
3 = 64.1 16.82 38.02  
Average 1 = 64.68 16.93 38.62  
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1 50 microns 65.36 17.01 38.77  
2 = 65.25 17.47 39.57  
3 = 66.06 17.86 41.1  
Average 2 = 65.56 17.45 39.81  

 
On black background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 61.25 11.21 35.79  
2 = 61.01 10.58 35.33  
3 = 60.82 10.85 35.43  
Average 3 = 61.03 10.88 35.52  

1 50 microns 59.83 9.03 33.81  
2 = 60.3 9.95 34.76  
3 = 60.79 10.65 35.36  
Average 4 = 60.31 9.88 34.64  

 
Colour differences depending on thickness 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 64.68 16.93 38.62  
Average 2 50 microns on white background 65.56 17.45 39.81  
∆ (Average 2 – Average 1) ∆L* = 0.88 ∆a* = 0.52 ∆b* = 1.20 1.57 

 
Colour differences depending on the background’s colour 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 3 200 microns on black background 61.03 10.88 35.52  
Average 1 200 microns on white background 64.68 16.93 38.62  
∆ (Average 1 – Average 3) ∆L* = 3.65 ∆a* = 6.05 ∆b* = 3.1 7.72 

      

Average 4 50 microns on black background 60.31 9.88 34.64  
Average 2 50 microns on white background 65.56 17.45 39.81  
∆ (Average 2 – Average 4) ∆L* = 5.25 ∆a* = 7.57 ∆b* = 5.17 10.56 
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Appendix B.3.3 Grounds composed of chalk and raw umber in linseed oil 
 

Ground 3 
Chalk and raw umber 4.9:0.1 

 
On white background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 51.46 11.17 27.32  
2 = 52.8 11.06 27.37  
3 = 53.47 10.94 27.11  
Average 1 = 52.58 11.06 27.27  

1 50 microns 68.01 9.2 29.42  
2 = 69.17 8.9 30.35  
3 = 65.52 9.13 26.83  
Average 2 = 67.57 9.08 28.87  

 
On black background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 50 microns 56.29 1.6 16.3  
2 = 56.3 1.58 16.5  
3 = 56.56 1.71 17.04  
Average 3 = 56.38 1.63 16.61  

 
Colour differences depending on thickness 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 52.58 11.06 27.27  
Average 2 50 microns on white background 67.57 9.08 28.87  
∆ (Average 2 – Average 1) ∆L* = 14.99 ∆a* = -1.98 ∆b* = -1.6 15.20 

 
Colour differences depending on the background’s colour 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 3 50 microns on black background 56.38 1.63 16.61  
Average 2 50 microns on white background 67.57 9.08 28.87  
∆ (Average 2 – Average 3) ∆L* = 11.18 ∆a* = 7.45 ∆b* = 12.25 18.18 
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Appendix B.3.4 Grounds composed of yellow iron oxide and raw umber with and without 
chalk in linseed oil 
 

Ground 5 
Yellow iron oxide and raw umber 2.5:2.5 

 
On white background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 32.93 5.73 11.62  
2 = 33.16 5.8 11.55  
3 = 33.07 5.84 11.45  
Average 1 = 33.05 5.79 11.54  

1 50 microns 33.41 5.54 10.23  
2 = 33.44 5.34 10.04  
3 = 33.39 5.46 10.27  
Average 2 = 33.41 5.45 10.18  

 
On black background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 33.67 5.93 11.36  
2 = 33.71 5.99 11.37  
3 = 33.52 5.7 11.06  
Average 3 = 33.63 5.87 11.26  

 
Colour differences depending on thickness 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 33.05 5.79 11.54  
Average 2 50 microns on white background 33.41 5.45 10.18  
∆ (Average 2 – Average 1) ∆L* = 0.36 ∆a* = -0.34 ∆b* =  -1.36 1.45 

 
Colour differences depending on the background’s colour 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 3 200 microns on black background 32.7 5.92 11.56  
Average 1 200 microns on white background 33.05 5.79 11.54  
∆ (Average 1 – Average 3) ∆L* = -0.58 ∆a* = -0.08 ∆b* = 0.28  0.65 

 
 

Ground 6 
Chalk, yellow iron oxide and raw umber 4.9:0.05:0.05 

 
On white background 

Measurement Description  L* SCE a* SCE b* SCE  

1 200 microns 54.8 9.5 25.92  
2 = 54.67 9.5 25.97  
3 = 54.5 9.48 25.94  
Average 1 = 54.66 9.49 25.94  

1 100 microns 60.03 11.33 32.38  
2 = 62.83 10.3 30.36  
3 = 60.72 10.82 31.61  
Average 2 = 61.19 10.82 31.45  
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1 50 microns 70.21 8.45 28.08  
2 = 67.6 8.76 26.17  
3 = 67.08 8.83 26.02  
Average 3 = 68.30 8.68 26.76  

 
On black background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 53.84 6.49 23.93  
2 = 53.07 6.48 23.53  
3 = 54.14 6.94 24.77  
Average 4 = 53.68 6.64 24.08  

 
Colour differences depending on thickness 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 54.66 9.49 25.94  
Average 2 100 microns on white background 61.19 10.82 31.45  
∆ (Average 2 – Average 1) ∆L* = 6.54 ∆a* = 1.32 ∆b* = 5.51 8.65 
      

Average 2 100 microns on white background 61.19 10.82 31.45  
Average 3 50 microns on white background 68.30 8.68 26.76  
∆ (Average 3 – Average 2) ∆L* = 7.10 ∆a* = -2.14 ∆b* = -4.69 8.78 
      

Average 1 200 microns on white background 54.66 9.49 25.94  
Average 3 50 microns on white background 68.30 8.68 26.76  
∆ (Average 3 – Average 1) ∆L* = 13.64 ∆a* = -0.81 ∆b* = 0.81 13.69 

 
Colour differences depending on the background’s colour 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 4 200 microns on black background 53.68 6.64 24.08  
Average 1 200 microns on white background 54.66 9.49 25.94  
∆ (Average 1 – Average 4) ∆L* = 0.97 ∆a* = 2.86 ∆b* = 1.87 3.55 

 
Ground 7 

Chalk, yellow iron oxide and raw umber 4.7:0.15:0.15 
 

On white background 
Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 46.49 10.8 24.77  
2 = 46.04 10.3 24.18  
3 = 45.78 9.82 23.59  
Average 1 = 46.10 10.31 24.18  

1 150 microns 47.61 12.41 28.47  
2 = 47.51 12.3 28  
3 = 47.29 13.33 27.85  
Average 2 = 47.47 12.68 28.11  

1 100 microns 47.56 12.74 28.85  
2 = 47.76 12.55 28.89  
3 = 49.16 12.95 29.81  
Average 3 = 48.16 12.75 29.18  
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1 50 microns 49.63 13.3 31.34  
2 = 49.31 13.74 30.86  
3 = 49.57 14.18 31.41  
Average 4 = 49.50 13.74 31.20  

 
On black background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 45.62 9.1 23.55  
2 = 45.8 9.07 23.92  
3 = 46.01 9.45 24.26  
Average 5 = 45.81 9.21 23.91  

1 150 46.1 9.06 26.43  
2 = 46.42 9.22 26.24  
3 = 46.43 8.96 26.7  
Average 6 = 46.32 9.08 26.46  

 
Colour differences depending on thickness 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 46.10 10.31 24.18  
Average 2 150 microns on white background 47.47 12.68 28.11  
∆ (Average 2 – Average 1) ∆L* = 1.37 ∆a* = 2.37 ∆b* = 3.93 4.79 

      

Average 2 150 microns on white background 47.47 12.68 28.11  

Average 3 100 microns on white background 48.16 12.75 29.18  
∆ (Average 3 – Average 2) ∆L* = 0.69 ∆a* = 0.07 ∆b* = 1.08 1.28 

      

Average 3 100 microns on white background 54.66 9.49 25.94  
Average 4 50 microns on white background 68.30 8.68 26.76  
∆ (Average 3 – Average 1) ∆L* = 1.34 ∆a* = 0.99 ∆b* = 2.02 2.62 

      

Average 1 200 microns on white background 54.66 9.49 25.94  
Average 4 50 microns on white background 68.30 8.68 26.76  
∆ (Average 3 – Average 1) ∆L* = 3.4 ∆a* = 3.43 ∆b* = 7.02 8.52 

 
Colour differences depending on the background’s colour 

Measurement Thickness L* SCE a* SCE b* SCE Total 

Average 5 200 microns on black background 45.81 9.21 23.91  
Average 1 200 microns on white background 46.10 10.31 24.18  
∆ (Average 1 – Average 5) ∆L* = 0.29 ∆a* = 1.10 ∆b* = 0.27 1.17 

      

Average 6 150 microns on black background 46.32 9.08 26.46  
Average 2 150 microns on white background 47.47 12.68 28.11  
∆ (Average 2 – Average 6) ∆L* = 1.15 ∆a* = 3.60 ∆b* = 2.19 4.12 
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Ground 8 
Chalk, yellow iron oxide and raw umber 4.5:0.25:0.25 

 
On white background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 41.15 8.28 19.79  
2 = 41.58 8.81 20.56  
3 = 41.47 8.44 19.83  
Average 1 = 41.4 8.51 20.06  

1 50 microns 55.59 8.84 23.39  
2 = 56.06 8.84 23.55  
3 = 55.14 9.71 24.16  
Average 2 = 55.6 9.13 23.7  

 
On black background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 41.51 8.64 20.99  
2 = 41.52 8.54 21.41  
3 = 41.59 8.31 21.6  
Average 3 = 41.54 8.50 21.33  

1 50 microns 54.3 5.02 21.1  
2 = 54.49 5.34 21.67  
3 = 54.06 5.24 21.76  
Average 4 = 54.28 5.2 21.51  

 
Colour differences depending on thickness 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 42.98 9.66 22.82  
Average 3 50 microns on white background 55.6 9.13 23.7  
∆ (Average 2 – Average 1) ∆L* = 14.20 ∆a* = 0.62 ∆b* = 3.64 14.67 

 
Colour differences depending on the background’s colour 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 4 200 microns on black background 41.54 8.50 21.33  
Average 1 200 microns on white background 41.4 8.51 20.06  
∆ (Average 1 – Average 3) ∆L* = -0.14 ∆a* = 0.01 ∆b* = -1.27 1.28 

      

Average 5 50 microns on black background 54.28 5.2 21.51  
Average 3 50 microns on white background 55.60 9.13 23.7  
∆ (Average 2 – Average 3) ∆L* = 1.31 ∆a* = 3.93 ∆b* = 2.19 4.69 
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Appendix B.3.5 Grounds composed of chalk and lead white in linseed oil 
 

Ground 9 
Chalk and lead white 2.5:2.5 

 
On white background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 86.44 0.65 10.85  
2 = 86.47 0.66 10.83  
3 = 86.28 0.67 10.7  
Average 1 = 86.4 0.66 10.79  

1 50 microns 89.44 -0.02 11.64  
2 = 89.45 0.1 11.74  
3 = 89.58 -0.14 11.74  
Average 2 = 89.49 -0.02 11.71  

 
On black background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 85.31 -0.48 8.28  
2 = 85.23 -0.55 8.08  
3 = 85.22 -0.66 8.37  
Average 3 = 85.25 -0.56 8.24  

1 50 microns 76.26 -1.6 -0.61  
2 = 76.49 -1.54 0.84  
3 = 75.67 -1.6 0.63  
Average 4 = 76.14 -1.58 0.29  

 
Colour differences depending on thickness 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 86.4 0.66 10.79  
Average 2 50 microns on white background 89.49 -0.02 11.71  
∆ (Average 2 – Average 1) ∆L* = 3.09 ∆a* = -0.68 ∆b* =  0.91 3.3 

 
Colour differences depending on the background’s colour 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 3 200 microns on black background 85.25 -0.56 8.24  
Average 1 200 microns on white background 86.4 0.66 10.79  
∆ (Average 1 – Average 3) ∆L* = 1.14 ∆a* = 1.22 ∆b* = 2.55 3.05 

      

Average 4 50 microns on black background 76.14 -1.58 0.29  
Average 2 50 microns on white background 89.49 -0.02 11.71  
∆ (Average 2 – Average 4) ∆L* = 13.35 ∆a* = 1.56 ∆b* = 11.42 17.64 
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Ground 10 
Chalk and lead white 4:1 

 
On white background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 81.88 1.79 14.95  
2 = 81.61 1.96 15.31  
3 = 81.8 1.87 15.05  
Average 1 = 81.76 1.87 15.10  

1 50 microns 87.25 -0.02 17.21  
2 = 87.27 -0.02 17.22  
3 = 87.44 -0.07 17.43  
Average 2 = 87.32 -0.037 17.29  

 
On black background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 78.24 -0.52 9.44  
2 = 78.5 -0.63 9.47  
3 = 78.33 -0.65 9.5  
Average 3 = 78.36 -0.6 9.47  

1 50 microns 68.96 -1.78 2.33  
2 = 68.19 -1.74 2.15  
3 = 68.93 -1.88 2.93  
Average 4 = 68.69 -1.8 2.47  

 
Colour differences depending on thickness 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 81.76 1.87 15.10  
Average 2 50 microns on white background 87.32 -0.037 17.29  
∆ (Average 2 – Average 1) ∆L* = 5.56 ∆a* = -1.91 ∆b* =  2.18 6.27 

 
Colour differences depending on the background’s colour 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 3 200 microns on black background 78.36 -0.6 9.47  
Average 1 200 microns on white background 81.76 1.87 15.10  
∆ (Average 1 – Average 3) ∆L* = 3.41 ∆a* = 2.47 ∆b* = 5.63 7.03 

      

Average 4 50 microns on black background 68.69 -1.8 2.47  
Average 2 50 microns on white background 87.32 -0.037 17.29  
∆ (Average 2 – Average 4) ∆L* = 18.63 ∆a* = 1.76 ∆b* = 14.82 23.87 
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Appendix B.3.6 Grounds composed of lead white and raw umber with and without chalk in 
linseed oil 

 
Ground 12 

Lead white. chalk and raw umber 2.25:2.25:0.5 
 

On white background 
Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 42.07 6.17 14.84  
2 = 41.89 6.1 14.71  
3 = 42.21 6.06 14.77  
Average 1 = 42.06 6.11 14.77  

1 50 microns 42.39 6.01 15.22  
2 = 42.7 5.98 14.98  
3 = 43.64 5.83 14.87  
Average 2 = 42.91 5.94 15.02  

 
Colour differences depending on thickness 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 43.22 5.91 14.35  
Average 2 50 microns on white background 44.38 5.61 13.74  
∆ (Average 2 – Average 1) ∆L* = 0.85 ∆a* = -0.17 ∆b* =  0.25 0.90 
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Appendix B.3.7 Grounds composed of ball clay and quartz with and without yellow iron oxide 
in linseed oil 
 

Ground 14  
Clay and quartz 4.2:0.8 

 
On white background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 61.62 5.11 21.19  
2 = 61.84 5.13 21.43  
3 = 62 5.18 21.65  
Average 1 = 61.82 5.14 21.42  

1 50 microns 67.71 4.77 25.35  
2 = 67.37 4.82 25.27  
3 = 67.13 4.89 25.25  
Average 2 = 67.40 4.83 25.29  

 
On black background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 53.24 -0.62 9.6  
2 = 53.67 -0.48 10.01  
3 = 53.53 -0.58 9.73  
Average 3 = 53.48 -0.56 9.78  

1 50 microns 46.5 -1.44 3.95  
2 = 48.44 -1.33 4.32  
3 = 49.18 -1.33 5.72  
Average 4 = 48.07 -1.37 4.66  

 
Colour differences depending on thickness 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 61.82 5.14 21.42  
Average 2 50 microns on white background 67.40 4.83 25.29  
∆ (Average 2 – Average 1) ∆L*  = 5.58 ∆a* = -0.31 ∆b* = 3.87 6.80 

 
Colour differences depending on the background’s colour 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 3 200 microns on black background 53.48 -0.56 9.78  
Average 1 200 microns on white background 61.82 5.14 21.42  
∆ (Average 1 – Average 3) ∆L* = 8.34 ∆a* = 5.7 ∆b* = 11.64 15.41 

 

Average 4 50 microns on black background 48.07 -1.37 4.66  
Average 2 50 microns on white background 67.40 4.83 25.29  
∆ (Average 2 – Average 4) ∆L* = 19.34 ∆a* = 6.19 ∆b* = 20.63 28.94 
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Ground 15  
Clay, quartz and yellow iron oxide 4.2:0.65:0.15 

 
On white background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 56.67 10.14 27.38  
2 = 56.92 10.43 27.96  
3 = 57.31 10.77 28.35  
Average 1 = 56.97 10.45 27.90  

1 50 60.48 12.63 32.67  
2 = 61.84 12.39 33.27  
3 = 61.15 12.55 33.31  
Average 2 = 61.16 12.52 33.08  

 
On black background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 53.73 4.95 22.46  
2 = 53.88 4.95 22.48  
3 = 54.1 5.14 22.82  
Average 3 = 53.90 5.01 22.59  

1 50 microns 51.79 2.51 18.57  
2 = 52.03 2.42 18.3  
3 = 51.05 1.93 17.19  
Average 4 = 51.62 2.29 18.02  

 
Colour differences depending on thickness 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 56.97 10.45 27.90  
Average 2 50 microns on white background 61.16 12.52 33.08  
∆ (Average 2 – Average 1) ∆L* = 4.19 ∆a* = 2.08 ∆b* = 5.19 6.98 

 
Colour differences depending on the background’s colour 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 3 200 microns on black background 53.90 5.01 22.59  
Average 1 200 microns on white background 56.97 10.45 27.90  
∆ (Average 1 – Average 3) ∆L* = 3.06 ∆a* = 5.43 ∆b* = 5.31 8.19 

 

Average 2 50 microns on black background 51.62 2.29 18.02  
Average 4 50 microns on white background 61.16 12.52 33.08  
∆ (Average 4 – Average 2) ∆L* = 9.53 ∆a* = 10.24 ∆b* = 15.06 20.57 

 
Ground 16 

Clay and quartz 3.3:1.7 
 

On white background 
Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 63.41 4.92 23.47  
2 = 62.91 4.95 22.9  
3 = 63.31 4.88 23.18  
Average 1 = 63.21 4.92 23.18  
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1 50 microns 65.88 4.48 24.75  
2 = 66.2 4.55 25.03  
3 = 66.62 4.51 25.23  
Average 2 = 66.23 4.51 25.00  

 
On black background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 53.65 -0.64 11.07  
2 = 52.82 -0.82 10.1  
3 = 52.8 -0.88 10.05  
Average 3 = 53.09 -0.78 10.41  

1 50 microns 49.8 -1.32 7.16  
2 = 49.99 -1.35 7.25  
3 = 49.5 -1.38 6.78  
Average 4 = 49.76 -1.35 7.06  

 
Colour differences depending on thickness 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 63.21 4.92 23.18  
Average 2 50 microns on white background 66.23 4.51 25.00  
∆ (Average 2 – Average 1) ∆L* = 3.02 ∆a* = -0.40 ∆b* = 1.82 3.55 

 
Colour differences depending on the background’s colour 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 3 200 microns on black background 53.09 -0.78 10.41  
Average 1 200 microns on white background 63.21 4.92 23.18  
∆ (Average 1 – Average 3) ∆L* = 10.12 ∆a* = 5.70 ∆b* = 12.73  17.26 

      

Average 4 50 microns on black background 49.76 -1.35 7.06  
Average 2 50 microns on white background 66.23 4.51 25.00  
∆ (Average 2 – Average 4) ∆L* = 16.47 ∆a* = 5.86 ∆b* = 17.94 25.05 

 
Ground 17  

Clay, sand and yellow iron oxide 3.3:1.5:0.2 
 

On white background 
Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 58.07 12.51 31.28  
2 = 58.28 12.63 31.59  
3 = 59.68 13.21 33.63  
Average 1 = 58.68 12.78 32.17  

1 50 microns 62.34 13.48 36.8  
2 = 62.46 13.5 36.85  
3 = 62.74 13.33 36.93  
Average 2 = 62.51 13.44 36.86  
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On black background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 52.5 4.27 21.72  
2 = 52.5 4.28 21.69  
3 = 52.25 3.98 21.19  
Average 3 = 52.42 4.18 21.53  

1 50 microns 51.18 2.87 19.33  
2 = 50.5 2.36 18.5  
3 = 50.27 2.23 18.07  
Average 4 = 50.65 2.49 18.63  

 
Colour differences depending on thickness 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 58.68 12.78 32.17  
Average 2 50 microns on white background 62.51 13.44 36.86  
∆ (Average 2 – Average 1) ∆L* = 3.84 ∆a* = 0.65 ∆b* = 4.69 6.1 

 
Colour differences depending on the background’s colour 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 3 200 microns on black background 52.42 4.18 21.53  
Average 1 200 microns on white background 58.68 12.78 32.17  
∆ (Average 1 – Average 3) ∆L* = 6.26 ∆a* = 8.61 ∆b* = 10.63 15.04 

      

Average 4 50 microns on black background 50.65 2.49 18.63  
Average 2 50 microns on white background 62.51 13.44 36.86  
∆ (Average 2 – Average 4) ∆L* = 11.86 ∆a* = 10.95 ∆b* = 18.23 24.35 

 
Other colour comparisons 

 
Colour differences depending on composition 

Measurement Thickness L* SCE a* SCE b* SCE ∆E*  

Average 1 Ball clay. 200  μ on white background 63.76 8.02 32.15  

Average 1 Ground 14. 200  μ on white 
background 

61.82 5.14 21.42  

∆ (Ground 14 – ball clay) ∆L* = -1.94 ∆a*= -2.88 ∆b* = 10.72 11.28 

      

Average 1 Ball clay. 200 μ on white background 63.76 8.02 32.15  

Average 1 Ground 16. 200  μ on white 
background 

63.21 4.92 23.18  

∆ (Ground 16 – ball clay) ∆L* = -0.55 ∆a* = -3.11 ∆b* = 8.96  9.50 

      

Average 2 Ball clay. 50  μ on white background 73.64 4.41 31.11  

Average 2 Ground 16. 50 μ on white 
background 

67.40 4.83 25.29  

∆ (Ground 14 – ball clay) ∆L* = -6.23 ∆a* = 0.42 ∆b* = -5.82 8.54 

      

Average 2 Ball clay. 50 μ on white background 73.64 4.41 31.11  

Average 2 Ground 16. 50 μ on white 
background 

66.23 4.51 25.00  

∆ (Ground 16 – ball clay) ∆L* = -7.40 ∆a* = 0.11 ∆b* = -6.11 9.60 
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Average 1 
Ground 14. 200 microns on white 
background 

61.82 5.14 21.42  

Average 1 
Ground 16. 200 microns on white 
background 63.21 4.92 23.18  

∆ (Ground 16 – ground 14) ∆L* = 1.39 ∆a* = -0.22 ∆b* = 1.76 2.2 

 

Average 2 
Ground 14. 50 microns on white 
background 67.40 4.83 25.29  

Average 2 Ground 16. 50 microns on white 
background 

66.23 4.51 25.00  

∆ (Ground 16 – ground 14) ∆L* = -1.17 ∆a* = 0.31 ∆b* = -0.29 1.25 

 
 

    

Average 1 Ground 15. 200 μ on white 
background 

56.97 10.45 27.90  

Average 1 
Ground 17. 200 μ on white 
background 

58.68 12.78 32.17  

∆ (Ground 17 – ground 15) ∆L* = 1.71 ∆a*= 2.34 ∆b* = 4.27 5.16 

 

Average 2 
Ground 15. 50 μ on white 
background 

61.17 12.52 33.08  

Average 2 
Ground 17. 50 μ on white 
background 62.51 13.44 36.86  

∆ (Ground 17 – ground 15) ∆L* = 1.36 ∆a*= 0.91 ∆b* = 3.78 4.12 
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APPENDIX B.4  
Raw data of colour measurements of ground samples applied on sealed 
opacity-display charts, form 2A 
 
 
Appendix B.4.1 Grounds composed of one pigment type in linseed oil 

 
Maas river clay 

 
On white background 

Measurements Thickness L* SCE a* SCE b* SCE  

1 200 microns 30.28 11.43 17.58  
2 = 29.86 11.24 17.45  
3 = 31.08 11.73 18.11  
Average 1 = 30.41 11.47 17.71  

1 50 microns 45.19 13.18 31.97  
2 = 45.76 13.61 29.96  
3 = 46.2 13.64 31.16  
Average 2 = 45.72 13.48 31.03  

 
On black background 

Measurements Thickness L* SCE a* SCE b* SCE  

1 200 microns 27.45 4.22 10.59  
2 = 27.19 4.27 10.84  
3 = 27.87 3.82 9.9  
Average 3 = 27.50 4.10 10.44  

1 50 microns 28.66 1.58 6.54  
2 = 28.23 1.91 7.28  
3 = 29.16 1.57 6.27  
Average 4 = 28.68 1.69 6.7  

 
Colour difference depending on thickness 

Measurements Description L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 30.41 11.47 17.71  
Average 2 50 microns on white background 45.72 13.48 31.03  

Delta (Average 2 – Average 1) ∆L* = 15.31 ∆a* = 2.01 ∆b* = 13.32 20.39 
 

Colour differences depending on the background’s colour 
Measurements Description L* SCE a* SCE b* SCE ∆E*  

Average 3 200 microns on black background 27.50 4.10 10.44  
Average 1 200 microns on white background 30.41 11.47 17.71  
∆ (Average 1 – Average 3) ∆L* = 2.90 ∆a* = 7.36 ∆b* = 7.27 10.75 

 

Average 4 50 microns on black background 28.68 1.69 6.7  
Average 2 50 microns on white background 45.72 13.48 31.03  
∆ (Average 2- Average 4) ∆L* = 17.03 ∆a* = 11.79 ∆b* = 24.33 31.96 
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Lead white 
 

On white background 
Measurements Thickness L* SCE a* SCE b* SCE  

1 200 microns 91.54 -1.86 13.86  
2 = 91.61 -1.86 14.07  
3 = 91.51 -1.88 14.14  
Average 1 = 91.55 -1.87 14.02  

1 50 microns 92.02 -2.11 11.05  
2 = 92.48 -2.15 11.14  
3 = 92.44 -2.17 10.99  
Average 2 = 92.31 -2.14 11.06  

 
On black background 

Measurements Thickness L* SCE a* SCE b* SCE  

1 200 microns 90.61 -2.62 12.31  
2 = 90.89 -2.56 12.87  
3 = 90.35 -2.7 12.31  
Average 3 = 90.62 -2.63 12.50  

1 50 microns 82.25 -2.63 2.46  
2 = 82.25 -2.58 2.56  
3 = 83.49 -2.63 3.24  
Average 4 = 82.66 -2.61 2.75  

 
Colour difference depending on thickness 

Measurements Description L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 91.55 -1.87 14.02  
Average 2 50 microns on white background 92.31 -2.14 11.06  

Delta (Average 2 – Average 1) ∆L* = 0.76 ∆a* = -0.28 ∆b* = -2.96 3.07 
 

Colour differences depending on the background’s colour 
Measurements Description L* SCE a* SCE b* SCE ∆E*  

Average 3 200 microns on black background 90.62 -2.63 12.50  
Average 1 200 microns on white background 91.55 -1.87 14.02  
∆ (Average 1 – Average 3) ∆L* = 0.94 ∆a* = 0.76 ∆b* = 1.53 1.95 

 

Average 4 50 microns on black background 82.66 -2.61 2.75  
Average 2 50 microns on white background 92.31 -2.14 11.06  
∆ (Average 2- Average 4) ∆L* = 9.65 ∆a* = 0.47 ∆b* = 8.31 12.74 

 
Raw umber 

 
On white background 

Measurements Thickness L* SCE a* SCE b* SCE  

1 200 microns 30.9 1.45 1.39  
2 = 30.22 1.66 1.79  
3 = 30.79 1.49 1.47  
Average 1 = 30.64 1.53 1.55  

   



Appendix B 
 

389 

 

1 50 microns 30.34 1.93 1.24  
2 = 30.51 1.8 1.15  
3 = 30.53 1.67 1.12  
Average 2 = 30.34 1.93 1.24  

 
On black background 

Measurements Thickness L* SCE a* SCE b* SCE  

1 200 microns 30.72 1.48 1.35  
2 = 30.39 1.56 1.65  
3 = 30.71 1.52 1.56  
Average 3 = 30.61 1.52 1.52  

1 50 microns 30.07 1.45 1.02  
2 = 30.25 1.44 0.83  
3 = 31.5 1.52 1.13  
Average 4 = 30.72 1.48 1.35  

 
Colour difference depending on thickness 

Measurements Description L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 30.64 1.53 1.55  
Average 2 50 microns on white background 30.34 1.93 1.24  
∆ (Average 2 – Average 1) ∆L* = -0.18 ∆a* = 0.27 ∆b* = -0.38 0.5 

 
Colour differences depending on the background’s colour 

Measurements Description L* SCE a* SCE b* SCE ∆E*  

Average 3 200 microns on black background 30.61 1.52 1.52  
Average 1 200 microns on white background 30.64 1.53 1.55  
∆ (Average 1 – Average 3) ∆L* = 0.03 ∆a* = 0.01 ∆b* = 0.03 0.04 

 

Average 4 50 microns on black background 30.72 1.48 1.35  
Average 2 50 microns on white background 30.34 1.93 1.24  
∆ (Average 2- Average 4) ∆L* = -0.15 ∆a* = 0.33 ∆b* = 0.18 0.40 
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Appendix B.4.2 Grounds composed of yellow iron oxide and raw umber with and without 
chalk in linseed oil 

 
Ground 3 

Chalk and raw umber 4.9:0.1  
 

On white background 
Measurements Thickness L* SCE a* SCE b* SCE  

1 200 microns 44.64 10.11 25.21  
2 = 44.56 10.23 24.6  
3 = 44.92 10.35 24.52  
Average 1 = 44.71 10.23 24.78  

1 50 microns 56.01 14.17 36.73  
2 = 53.47 14.12 34.01  
3 = 55.72 14.4 36.55  
Average 2 = 55.07 14.23 35.76  

 
On black background 

Measurements Thickness L* SCE a* SCE b* SCE  

1 200 microns 43.68 7.57 22.46  
2 = 43.61 7.85 22.91  
3 = 43.51 7.8 22.77  
Average 3 = 43.6 7.74 22.71  

1 50 microns 42.1 3.36 16.61  
2 = 42.38 3.45 16.79  
3 = 41.71 3.14 16.28  
Average 4 = 42.06 3.32 16.56  

 
Colour difference depending on thickness 

Measurements Description L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 44.71 10.23 24.78  
Average 2 50 microns on white background 55.07 14.23 35.76  
∆ (Average 2 – Average 1) ∆L* = 10.26 ∆a* = 4 ∆b* = 10.99 15.62 

 
Colour differences depending on the background’s colour 

Measurements Description L* SCE a* SCE b* SCE ∆E*  

Average 50 microns on black background 42.06 3.32 16.56  
Average 50 microns on white background 55.07 14.23 35.76  
∆ (Average 1 – Average 3) ∆L* = 13.00 ∆a* = 10.91 ∆b* = 19.20 25.63 

 

Average 200 microns on black background 43.6 7.74 22.71  
Average 200 microns on white background 44.71 10.23 24.78  
∆ (Average 2- Average 4) ∆L* = 1.11 ∆a* = 2.49 ∆b* = 2.06 3.42 
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Ground 3bis 
Chalk and raw umber 4.9:0.1  

 
On white background 

Measurements Thickness L* SCE a* SCE b* SCE  

1 200 microns 39.05 9.97 18.69  
2 = 40.11 10.81 19.6  
3 = 41.02 11.49 20.91  
Average 1 = 40.06 10.76 19.73  

1 50 microns 45.78 13.26 25.79  
2 = 44.41 13.26 24.87  
3 = 44.42 13.06 24.8  
Average 2 = 44.87 13.19 25.15  

 
On black background 

Measurements Thickness L* SCE a* SCE b* SCE  

1 200 microns 37.56 6.23 15.89  
2 = 37.57 6.07 15.5  
3 = 37.22 6.21 15.61  
Average 3 = 37.45 6.17 15.67  

1 50 microns 37.68 4.78 13.77  
2 = 37.26 4.39 13.33  
3 = 36.98 3.98 12.79  
Average 4 = 37.31 4.38 13.3  

 
Colour difference depending on thickness 

Measurements Description L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 40.06 10.76 19.73  
Average 2 50 microns on white background 44.87 13.19 25.15  
∆ (Average 2 – Average 1) ∆L* = 4.81 ∆a* = 2.44 ∆b* = 5.42 7.64 

 
Colour differences depending on the background’s colour 

Measurements Description L* SCE a* SCE b* SCE ∆E*  

Average 50 microns on black background 37.31 4.38 13.3  
Average 50 microns on white background 44.87 13.19 25.15  
∆ (Average 1 – Average 3) ∆L* = 7.56 ∆a* = 8.81 ∆b* = 11.86 16.6 

 

Average 200 microns on black background 37.45 6.17 15.67  
Average 200 microns on white background 40.06 10.76 19.73  
∆ (Average 2- Average 4) ∆L* = 2.61 ∆a* = 4.59 ∆b* = 4.07 6.66 
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Ground 4bis 
Chalk and raw umber 4.5:0.5  

 
On white background 

Measurements Thickness L* SCE a* SCE b* SCE  

1 200 microns 34 7.29 10.79  
2 = 34.13 7.77 11.14  
3 = 33.55 7.2 11.02  
Average 1 = 33.89 7.42 10.98  

1 50 microns 38.6 11.85 17.54  
2 = 37.43 11.15 15.57  
3 = 38 11.5 16.56  
Average 2 = 38.01 11.5 16.56  

 
On black background 

Measurements Thickness L* SCE a* SCE b* SCE  

1 200 microns 32.63 4.98 9.35  
2 = 32.84 5.05 9.45  
3 = 32.85 5.21 9.76  
Average 3 = 32.77 5.08 9.52  

1 50 microns 32.81 3.59 8.02  
2 = 32.92 3.87 8.26  
3 = 32.42 2.82 7.06  
Average 4 = 32.72 3.43 7.78  

 
Colour difference depending on thickness 

Measurements Description L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 33.89 7.42 10.98  
Average 2 50 microns on white background 38.01 11.5 16.56  
∆ (Average 2 – Average 1) ∆L* = 4.12 ∆a* = 4.08 ∆b* = 5.57 8.04 

 
Colour differences depending on the background’s colour 

Measurements Description L* SCE a* SCE b* SCE ∆E*  

Average 50 microns on black background 32.72 3.43 7.78  
Average 50 microns on white background 38.01 11.5 16.56  
∆ (Average 1 – Average 3) ∆L* = 5.29 ∆a* = 8.07 ∆b* = 8.77 13.05 

 

Average 200 microns on black background 32.77 5.08 9.52  
Average 200 microns on white background 33.89 7.42 10.98  
∆ (Average 2- Average 4) ∆L* = 1.12 ∆a* = 2.34 ∆b* = 1.46 2.98 
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Ground 5 
Yellow iron oxide and raw umber 2.5:2.5 

 
On white background 

Measurements Thickness L* SCE a* SCE b* SCE  

1 50 microns 35.33 5.63 9.71  
2 = 35.16 6.13 10.29  
3 = 35.21 5.41 9.41  
Average 1 - 35.23 5.72 9.80  

 
On black background 

Measurements Thickness L* SCE a* SCE b* SCE  

1 50 microns 35.15 5.55 9.68  
2 = 35.58 5.45 9.46  
3 = 35.48 5.33 9.55  
Average 2 = 35.40 5.44 9.56  

 
Colour differences depending on the background’s colour 

Measurements Description L* SCE a* SCE b* SCE ∆E*  

Average 2 50 microns on black background 35.40 5.44 9.56  
Average 1 50 microns on white background 35.23 5.72 9.80  
∆ (Average 1 – Average 2) ∆L* = 0.26 ∆a* = -0.28 ∆b* = -0.46 0.6 

 
Ground 6 

Chalk, yellow iron oxide and raw umber 4.9:0.05:0.05 
 

On white background 
Measurements Thickness L* SCE a* SCE b* SCE  

1 200 microns 54.66 10.05 28.29  
2 = 54.7 10.04 27.18  
3 = 54.42 10.08 26.99  
Average 1 = 54.59 10.06 27.49  

1 100 microns 60.49 11.73 33.47  
2 = 59.18 11.63 32.25  
3 = 59.45 11.73 33.51  
Average 2 = 59.71 11.70 33.08  

1 50 microns 68.54 10.07 37.43  
2 = 67.72 10.31 36.87  
3 = 66.5 10.73 36.75  
Average 3 = 67.59 10.37 37.02  

 
On black background 

Measurements Thickness L* SCE a* SCE b* SCE  

1 200 microns 52.27 6 22.97  
2 = 52.35 6.14 23.02  
3 = 52.2 5.92 23.06  
Average 4 = 52.27 6.02 23.02  

1 100 microns 50.74 2.84 19.16  
2 = 50.81 3.04 19.83  
3 = 51.46 3.53 21.11  
Average 5 = 51.00 3.14 20.03  
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1 50 microns 49.13 0.94 14.93  
2 = 49.74 0.76 14.4  
3 = 48.95 0.67 14.4  
Average 6 = 49.27 0.79 14.58  

 
Colour difference depending on thickness 

Measurements Description L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 54.59 10.06 27.49  
Average 2 100 microns on white background 59.71 11.70 33.08  
∆ (Average 2 – Average 1) ∆L* = 5.11 ∆a* = 1.64 ∆b* = 5.59  7.75 

 

Average 1 200 microns on white background 54.59 10.06 27.49  
Average 3 50 microns on white background 67.59 10.37 37.02  
∆ (Average 3 – Average 1) ∆L* = 12.99 ∆a* = 0.31 ∆b* = 9.53 16.12 

 

Average 4 200 microns on black background 52.27 6.02 23.02  
Average 5 100 microns on black background 51.00 3.14 20.03  
∆ (Average 2 – Average 1) ∆L* = -1.27 ∆a* = -2.88 ∆b* = -2.98 4.34 

 

Average 4 200 microns on black background 52.27 6.02 23.02  
Average 6 50 microns on black background 49.27 0.79 14.58  
∆ (Average 6 – Average 4) ∆L* = -3 ∆a* = -5.23 ∆b* = -8.44 10.37 

 
Colour differences depending on the background’s colour 

Measurement Description  L* SCE a* SCE b* SCE ∆E*  

Average 4 200 microns on black background 52.27 6.02 23.02  
Average 1 200 microns on white background 54.59 10.06 27.49  
∆ (Average 1 – Average 4) ∆L* = 2.32 ∆a* = 4.04 ∆b* = 4.47 6.46 

 

Average 6 50 microns on black background 49.27 0.79 14.58  
Average 3 50 microns on white background 67.59 10.37 37.02  
∆ (Average 3 – Average 6) ∆L* = 18.32 ∆a* = 9.58 ∆b* = 22.44 30.51 
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Ground 8 
Chalk, yellow iron oxide and raw umber 4.5:0.25:0.25 

 
On white background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 41.35 8.41 19.82  
2 = 40.98 8.53 19.89  
3 = 41.36 8.83 20.53  
Average 1 = 41.23 8.59 20.08  

1 100 microns 44.52 11.97 25.38  
2 = 44.9 12.02 25.59  
3 = 44.79 11.99 25.66  
Average 2 = 44.74 11.99 25.54  

1 50 microns 47.57 14.27 30.33  
2 = 45.74 12.79 26.87  
3 = 47.95 14.06 30.32  
Average 3 = 47.09 13.71 29.17  

 
On black background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 41.35 8.27 20.09  
2 = 41.39 8.15 19.87  
3 = 42.29 9.24 21.23  
Average 4 = 41.68 8.55 20.40  

1 100 microns 42.33 7.89 21.87  
2 = 42.71 7.5 22.02  
3 = 42.92 7.25 21.78  
Average 5 = 42.65 7.55 21.89  

1 50 microns 42.71 7 22.31  
2 = 42.67 7.36 22.53  
3 = 42.34 6.14 21.62  
Average 6 = 42.57 6.83 22.15  

 
Colour difference depending on thickness 

Measurements Description L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 41.23 8.59 20.08  
Average 2 100 microns on white background 44.74 11.99 25.54  
∆ (Average 2 – Average 1) ∆L* = 3.51 ∆a* = 3.40 ∆b* = 5.46 7.33 

 

Average 1 200 microns on white background 41.23 8.59 20.08  
Average 3 50 microns on white background 47.09 13.71 29.17  
∆ (Average 3 – Average 1) ∆L* = 5.86 ∆a* = 5.12 ∆b* = 9.09 11.96 

 

Average 4 200 microns on black background 41.68 8.55 20.40  
Average 5 100 microns on black background 42.65 7.55 21.89  
∆ (Average 2 – Average 1) ∆L* = 0.98 ∆a* = -1.01 ∆b* = 1.49 2.05 

 

Average 4 200 microns on black background 41.68 8.55 20.40  
Average 6 50 microns on black background 42.57 6.83 22.15  
∆ (Average 6 – Average 4) ∆L* = 0.90 ∆a* = -1.72 ∆b* = 1.76 2.62 
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Colour differences depending on the background’s colour 

Measurement Description  L* SCE a* SCE b* SCE ∆E*  

Average 4 200 microns on black background 41.68 8.55 20.40  
Average 1 200 microns on white background 41.23 8.59 20.08  
∆ (Average 1 – Average 4) ∆L* = -0.45 ∆a* = 0.04 ∆b* = -0.32 0.55 

 

Average 5 100 microns on black background 42.65 7.55 21.89  
Average 2 100 microns on white background 44.74 11.99 25.54  
∆ (Average 2 – Average 5) ∆L* = 2.08 ∆a* = 4.45 ∆b* = 3.65 6.12 

Average 6 50 microns on black background 42.57 6.83 22.15  
Average 3 50 microns on white background 47.09 13.71 29.17  
∆ (Average 3 – Average 6) ∆L* = 4.51 ∆a* = 6.87 ∆b* = 7.02 10.81 
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Appendix B.4.3 Grounds composed of chalk and lead white in linseed oil 
 

Ground 9 
Chalk and lead white 2.5:2.5 

 
On white background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 85.94 -0.61 18.18  
2 = 85.64 -0.55 17.76  
3 = 85.85 -0.55 17.92  
Average 1 = 85.81 -0.57 17.95  

1 50 microns 89.4 -1.18 14.41  
2 = 89.62 -1.36 14.43  
3 = 89.56 -1.3 14.55  
Average 2 = 89.53 -1.28 14.46  

 
On black background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 84.13 -2.05 16.33  
2 = 84.57 -1.99 15.67  
3 = 84.59 -2 15.51  
Average 3 = 84.43 -2.01 15.84  

1 50 microns 72.62 -2.43 2.29  
2 = 72.86 -2.32 2.49  
3 = 73.87 -2.31 2.48  
Average 4 = 73.12 -2.35 2.42  

 
Colour difference depending on thickness 

Measurements Description L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 85.81 -0.57 17.95  
Average 2 50 microns on white background 89.53 -1.28 14.46  
∆ (Average 2 – Average 1) ∆L* = 3.72 ∆a* = -0.71 ∆b* =  -3.49 5.15 

 
Colour differences depending on the background’s colour 

Measurements Description L* SCE a* SCE b* SCE ∆E*  

Average 3 200 microns on black background 84.43 -2.01 15.84  
Average 1 200 microns on white background 85.81 -0.57 17.95  
∆ (Average 1 – Average 3) ∆L* = 1.38 ∆a* = 1.44 ∆b* = 2.12 2.91 

      

Average 4 50 microns on black background 73.12 -2.35 2.42  
Average 2 50 microns on white background 89.53 -1.28 14.46  

∆ (Average 2- Average 4) ∆L* = 
16.41 

∆a* = 1.07 ∆b* = 12.04 20.38 
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Ground 10 
Chalk and lead white 4:1 

 
On white background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 81.43 0.95 22.74  
2 = 81.19 0.94 22.66  
3 = 80.88 0.85 22.41  
Average 1 = 81.17 0.91 22.60  

1 50 microns 87.58 -1.34 20.38  
2 = 87.21 -1.13 20.81  
3 = 87.24 -1.16 20.68  
Average 2 = 87.34 -1.21 20.62  

 
On black background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 76.76 -1.95 16.36  
2 = 76.83 -1.97 16.47  
3 = 76.71 -1.86 16.86  
Average 3 = 76.77 -1.93 16.56  

1 50 microns 60.87 -2.63 3.38  
2 = 59.83 -2.55 2.68  
3 = 60.91 -2.69 3.6  
Average 4 = 60.54 -2.62 3.22  

 
Colour difference depending on thickness 

Measurements Description L* SCE a* SCE b* SCE ∆E*  

Average 1 200 microns on white background 81.17 0.91 22.60  
Average 2 50 microns on white background 87.34 -1.21 20.62  
∆ (Average 2 – Average 1) ∆L* = 6.18 ∆a* = -2.12 ∆b* =  -1.98 6.82 

 
Colour differences depending on the background’s colour 

Measurements Description L* SCE a* SCE b* SCE ∆E*  

Average 3 200 microns on black background 76.77 -1.93 16.56  
Average 1 200 microns on white background 81.17 0.91 22.60  
∆ (Average 1 – Average 3) ∆L* = 4.4 ∆a* = 2.84 ∆b* = 6.04 7.99 

      

Average 4 50 microns on black background 60.54 -2.62 3.22  
Average 2 50 microns on white background 87.34 -1.21 20.62  

∆ (Average 2- Average 4) ∆L* = 
26.81 

∆a* = 1.41 ∆b* = 17.40 31.99 
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Appendix B.4.4 Grounds composed of chalk, lead white and raw umber in linseed oil 
 

Ground 12 
Chalk, lead white and raw umber 2.25:2.25:0.5 

 
On white background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 41.69 7.2 20.55  
2 = 41.75 7.14 20.22  
3 = 41.7 7.15 20.62  
Average 1 = 41.71 7.16 20.46  

 
On black background 

Measurement Thickness L* SCE a* SCE b* SCE  

1 200 microns 41.72 7.19 20.3  
2 = 41.63 7.2 20.49  
3 = 41.54 7.11 20.46  
Average 2 = 41.63 7.17 20.42  

 
Colour differences depending on the background’s colour 

Measurements Description L* SCE a* SCE b* SCE ∆E*  

Average 2 200 microns on black background 41.63 7.17 20.42  
Average 1 200 microns on white background 41.71 7.16 20.46  
∆ (Average 2 – Average 1) ∆L* = 0.08 ∆a* = 0 ∆b* = 0.05 0.1 
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APPENDIX B.5 
Spots locations used for colour sampling on the paintings (screen shots) 
 
 

 

Rembrandt van Rijn (1606-1669), The Night Watch (The Company of Captain Frans Banning Cocq and Lieutenant Willem van 
Ruytenhurch), 1642. Oil paint on canvas, 363 × 437 cm. Amsterdam, Rijksmuseum.  

 

 

Gerard van Honthorst (1592-1656), The arrival of Mary Stuart Greeted by Willem II, 1649. 
The spots used for colour sampling are located along the lower edge, in the taking-margin 
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Jacob Jordaens (1593-1678), Peace Between the Romans and the Batavians, 1661-1662. 
During restoration. After the application of an isolation layer, before retouching. 

 

 

Jacob Jordaens (1593-1678), Samson Defeats the Philistines, 1661-1662. 
During restoration. After the application of an isolation layer, before retouching. 

 



Appendix B 
 

403 
 

 

Jacob Jordaens (1593-1678), A Roman Camp Under Attack by Night, 1661-1662. 
During restoration. After the application of an isolation layer, before retouching. 

 

 

Jacob Jordaens (1593-1678), David and Goliath, 1664. 
During restoration. After the application of an isolation layer, before retouching. 

 

  




