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Abstract 

This paper outlines the use of bidirectional reflectance measurements for the characterisation and evaluation of 
appearance changes in gilded surfaces caused by varnishing and cleaning. Oil and water gilding mock-ups represent-
ative of a 15th-century panel painting were varnished, and a selection of four varnish removal methods was applied. 
By measuring the bidirectional reflectance of the samples, their appearance was modelled and evaluated according 
to perceptual gloss attributes. Three main perceptual groups were found for each gilding type: unvarnished, var-
nished and cleaned surfaces. Finally, for the studied samples, the most appropriate method for removing dammar and 
colophony varnish from a gilded surface, in terms of appearance change, is solubilisation by applying an Evolon®CR 
compress.
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Introduction
Gilding is a form of polychromy where a gold leaf 
is attached to a substrate by different means. Com-
monly used in the Middle Ages, gilding gives a golden 
appearance to a surface dependent on its fabrication 
method. While oil gilding is believed to have a cooler 
appearance due to its matte and rough surface, water 
gilding is described as warmer and glossier due to bur-
nishing which smooths the surface and gives it a metallic 
appearance [1].

It is common to find gilded surfaces that have been var-
nished for various reasons: to protect the surface from 
abrasions and mechanical damages  [2, 3], to change its 
appearance [4], and to imitate another metal [5, 6]. Var-
nish can change the appearance of a gilded surface by 

modulating its gloss, or depending on the varnish, change 
its hue [3].

However, varnish is an organic material which changes 
appearance over time. Common restoration techniques 
involve cleaning the superficial layer, leaving the varnish 
intact, or removing the varnish without damaging the 
surface underneath it. Due to the fragility of the gold leaf, 
it is important to understand the mechanisms at play 
when removing the varnish to avoid any damage or mod-
ification to the gilded surface. Empirical knowledge on 
the appearance of gilding is vast amongst conservators 
and restorers; appearance differences between distinct 
types of gilding as well as conservation treatment effects 
such as varnishing are well understood in this commu-
nity. However, these appearance changes have not been 
thoroughly studied in a quantifiable manner which cor-
relates to perception.

Gilded surfaces have a metallic appearance which can-
not be described solely with traditional colorimetry since 
many elements influence how it is perceived. While the 
appearance of diffuse materials such as mineral pigments 
can be described by colour measurements, the appear-
ance of metallic surfaces is mainly described by their col-
our and gloss [7]. Materials which present colour changes 
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under different illumination-viewing conditions, such 
as gilding, are called goniochromatic  [8]. Three viewing 
geometries have been defined suitable to describe metal-
lic paints: near-specular, face, and flop angles  [9]. Vast 
research has been done to characterise goniochromatic 
films and paints  [10, 11]. However, this has not been 
applied to gilding.

In the case of gilding, colour differences calculated for 
a fixed angle of incidence and reflection may be unrepre-
sentative of perceptual differences. Gloss measurements 
provide angular information, as they are performed at 
three different angles; and thus, its perception is highly 
dependent on illumination and viewing directions. How-
ever, the correlation between gloss units and human 
perception is not clearly defined  [12]. It is found gloss 
perception has a nonlinear relationship with instru-
mental gloss values and many factors such as binocular 
vision influence gloss sensitivity [13]. Recommendations 
by experts and industry are to perform psychophysi-
cal experiments to define gloss tolerances for a batch of 
samples [14]. In the case of gilded surfaces, many factors 
can affect their visual perception such as the illumination 
type, geometry and intensity, the viewing conditions, the 
material composition of the gilding, and the presence of 
surface coatings, to name a few [15].

For many applications, complex surface appearance 
can be characterised by the bidirectional reflectance dis-
tribution function (BRDF) which is the physical quantity 
for gloss measurement  [16]. The BRDF describes how 
light is reflected off a surface and depends on illumina-
tion and viewing directions. Multidirectional reflectom-
etry is an approach in which one directly measures the 
ratio of reflected over incident light at each combina-
tion of angles to model the BRDF of a given surface. This 
method allows obtaining a full model of the BRDF which 
can describe the appearance of the surface at different 
combinations of viewing and illumination directions.

It is thus, of great interest to measure the BRDF of 
gilded surfaces to characterise their appearance. By 
obtaining a more accurate appearance measurement, the 
effect that conservation treatments such as varnishing, 
and its eventual removal, have on the perception of gilded 
surfaces can be evaluated. Varnish is believed to increase 
the saturation of colours and the gloss of surfaces, alter-
ing the appearance and perception of the artwork. While 
this is well documented in the case of pigments, its effect 
on gilding has not been studied. Finally, varnish removal 
methods can be evaluated to find which will, amongst 
other desirable qualities, return the gilded object the 
closest to its original appearance.

This work has been developed in conjunction with the 
National Heritage Institute in Paris, France, as part of a 
final-year conservation studies project dedicated to a 

15-th century framed panel painting, named after its ico-
nography, the Vierge de douleur/Virgin of Sorrows and 
belonging to the Jacquemart-André Museum in Paris. 
(Fig. 1).

The technological study of the artwork revealed that the 
gilding present on the Vierge de douleur/Virgin of sorrows 
was covered with a thick layer of coloured varnish. The 
analysis showed that this layer was constituted of differ-
ent types of varnish, including an original varnish which 
constituted the original decor of the painting. There-
fore, the aim of removing the varnish by using chemical 
methods is not to completely remove the varnish from 
the gilded surface but to remove superficial layers of the 
soiled varnish by controlling the surface appearance. In 
addition, the adhesive of the gold leaf on the original gild-
ing could have been soluble in the same solvents as the 
varnish, demanding a very controlled protocol. The main 
results of the technological study of the painted panel are 
presented in the Appendix.

Research aims
The primary aim of this paper is to propose a frame-
work to measure, quantify, and evaluate the appear-
ance of gilded surfaces. The second aim is to apply the 
presented framework to evaluate appearance changes 
induced by different chemical varnish removal methods 
on varnished, gilded wood. Finally, these findings can be 
used to potentially guide the restoration of the painting. 
An imaging-based method is presented to measure the 
BRDF of two types of gilding mock-ups. These have been 
varnished and four chemical varnish removal methods 
have been tested. The BRDF of the surface is modelled 
and the BRDF parameters are used to classify the gilding 
in terms of its appearance.

Fig. 1 Unknown. Vierge de douleur/Virgin of sorrows. 15th century. 
Painted panel. 36.8 x 34.0 cm (62.3 x 43.0 cm with frame). 
Jacquemart-André Museum, Paris. a Before restoration. b After 
restoration. ©Angèle Dequier/Inp
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Background
Gilding fabrication techniques
The samples designed for this study are intended to be 
representative of the gilding present on the studied art-
work. Thus, the findings can potentially be used directly 
for restoration. Two types of gilding were produced, 
water gilding, representative of the frame, and oil gilding. 
Although the gilding of the painted panel was not iden-
tified with certainty when the samples were produced, 
it seemed more likely that it was oil gilding. Even if this 
is ultimately not the case, it is still valuable to compare 
the behaviour of these two types of gilding when faced 
with cleaning. Indeed, these are the two major traditional 
gilding techniques  [17], the use of which has moreover 
changed very little since the Middle Ages.

The difference between oil gilding and water gilding lies 
mainly in the nature of the mordant, i.e., the layer under-
lying the gold leaf (Fig. 2). In the first case, the mordant 
is an oil-based mixture. It is laid on a thin sealer layer of 
shellac which has an insulating and saturating function. 
In the second case, it is a bole, a preparation based on 
clay or natural soil. This layer is placed on a yellow size 
which can be made of different preparations and creates 
a mechanical grip for the next layer and provides a first 
coloured shade under the gilding.

In the case of oil gilding, the mordant with oil must 
be left to partially dry. When it is tacky, it is ready to 
receive the gold leaf, which adheres immediately. Regard-
ing water gilding, the bole is moistened with water; the 
gold leaf adheres to it immediately. After drying, the 
gold leaf can be burnished, that is, smoothed on the bole 
with a hard tool like an agate stone, to make it shiny and 
smooth. Unlike water gilding, the gold leaf in oil gilding 
cannot be burnished, so it remains matte and relatively 
rough.

Removal of varnish in gilded surfaces
Removal of varnish is a widely studied and documented 
restoration intervention, particularly in the field of 
painting restoration. In recent decades, this field has 
benefited from the contribution of substantial scien-
tific research  [18–20] which has made it possible to 
better understand the mechanisms of solubilisation of 

organic films, and to introduce new cleaning methods. 
These always aim to find the best compromise between 
cleaning efficiency and harmlessness in relation to the 
artwork. However, unlike mechanical cleaning [21, 22], 
chemical cleaning methods have not been vastly stud-
ied on a gilded wood substrate. The study closest to this 
subject concerns the chemical removal of a brass-based 
overpaint on gilded wood  [23] and cleaning soiled 
gilded wood [24]. Another study deals with the chemi-
cal cleaning of a brass object  [25]. A survey of restor-
ers specialising in this field reveals a relatively empirical 
practice, for lack of publications on the subject.

The Getty Conservation Institute devoted a study 
day  [26] to the problem of cleaning gilded wood. The 
report describes the methods used by gilding conser-
vators as well as the specific constraints of gilding on 
wood. Gilding is a surface treatment with a complex 
stratigraphy (Fig.  2). It is widely present on heritage 
objects and can exist on substrates other than wood. 
There are great differences between gilding on varied 
substrates, each requiring a different surface prepara-
tion and a different restoration approach. It is there-
fore essential to better understand its behaviour to 
adapt restoration practices accordingly. The authors 
of the report raise three problems induced by clean-
ing: the persistence of cleaning residues (especially in 
the case of gels), the penetration of solvents under the 
gold leaf (which can then partially solubilise or alter the 
substrate), and finally weathering of the gold leaf. The 
persistence of residues is a phenomenon studied in the 
field of painted surfaces  [27]; its consequences, what-
ever the nature of the surface, seem to be the same: the 
residues can cause irreversible damage to the artwork, 
modify the surface appearance, and are quick to clog up 
or retain moisture.

Gold leaf, which is extremely thin (0.1 to 10 µm), 
is fragile  [28] and can be altered in different ways: by 
mechanical abrasion, i.e. the loss of material during 
cleaning, and by modifying the surface appearance, in 
particular its gloss and colour. Cleaning is, in its gen-
eral definition, the removal of all secondary debris and 
soiling which distract the perception and interpretation 
of the original surface. The secondary debris and soling 
can sometimes form a film if deposited in the form of a 
layer, but they can be also be found in the form of une-
ven accretions on the surface. For the sake of clarity, 
this study refers to the removal of varnish, even though 
it is desirable that a thin layer of varnish is left on the 
surface. This paper focuses on the alteration of the sur-
face appearance of gilding caused by varnishing and its 
subsequent removal.

Fig. 2 General stratigraphy of (a) oil gilding and (b) water gilding. In 
the case of water gilding, the gold foil is burnished
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Appearance measurement of gilded surfaces
Gilded surfaces present very interesting appearance 
properties. While the appearance of diffuse and opaque 
surfaces such as mineral pigments can easily be described 
by their colour, specular surfaces such as gilding require 
complex BRDF measurements in order to correlate them 
with their perceived appearance. These appearance meas-
urements provide macroscopic characteristics, repre-
sented as a statistical aggregation of the reflection of light 
from many microfacets on the materials surface. Gilded 
or golden surfaces in cultural heritage objects pose tech-
nical imaging challenges.

In order to evaluate the influence of lighting conditions 
on spectral reconstruction and image stitching using 
multispectral images, a traditional Japanese painting was 
imaged with a multispectral camera  [29]. The spectra 
were well estimated for the regions with an orange min-
eral pigment. However, the gilded region which exhibited 
high specular reflection presented a poor spectral recon-
struction. None of the lighting configurations provided 
an accurate reconstruction of the reflectance spectrum. 
The lighting parameters were not optimised for this 
object and the authors conclude that to achieve better 
spectral reconstruction, specular reflection issues must 
be solved.

In the assessment of multispectral and hyperspec-
tral imaging systems, a Round Robin Test assessed the 
performance of different systems for their spectral dig-
itisation of artworks [30]. The artwork chosen was a poly-
chrome Russian icon from the 19th century, fabricated 
in Moscow. The icon depicts the subject of the Virgin of 
Kazan and is printed in chromolithography onto a sub-
strate of tinned steel. This icon was chosen because of 
its physical and material characteristics. It has a medium 
gloss on the painted areas and the gold areas have a shiny 
metallic finish. In the case of the gold area, the authors 
found significant differences in the reflectance spectra. 
The shape of the spectra was the same for all imaging 
systems, however the difference in magnitude varied by 
a factor of as much as 3x either higher or lower than the 
reference measurement. This was attributed to the gran-
ular nature of the surface and the breadth of the specular 
peak, characteristic to golden surfaces, which caused the 
image intensity to be critically dependent on its illumi-
nation geometry. The authors conclude that the imag-
ing geometry plays a vital role on glossy surfaces, and it 
is essential to have some flexibility in the position of the 
light source and object relative to the camera so the oper-
ator can modify the setup according to judgement.

According to the recommendations given in  [30], a 
multi-focus high-dynamic range (HDR) visible/near-
infrared (VIS/NIR) hyperspectral imaging set-up is 

presented for its application to works of art [31]. In this 
work, the authors present a complete framework for cap-
turing and processing hyperspectral images of works of 
art in  situ. This framework is applied to a facsimile of 
The Golden Haggadah from the British Library of Lon-
don which presents gilded areas with high specular 
reflection. The authors propose a framework in which 
an HDR hyperspectral image is obtained. Although the 
final HDR image of the manuscript did not necessarily 
contain HDR information, the HDR was present in radi-
ances where powerful light sources or dim shadowy areas 
are present in the same scene which is the case of paint-
ings with gilded areas. The authors segmented gilded 
from non-gilded areas in the image, based on the spec-
tral reflectance, and compared it to manual segmenta-
tion performed by a conservator. The HDR cube had a 
much better segmentation performance of 95.5% com-
pared to that of the low-dynamic range (LDR) cube of 
83.78%. Moreover, while the LDR cube was saturated in 
some golden areas, the HDR cube was correctly exposed 
throughout the scene.

In the case of measuring the appearance of gilded sur-
faces, the most common method is colorimetry. Dumazet 
et al. [32] used Kubelka-Munk’s two flux theory to model 
the influence of the substrate’s colour on the reflected 
light from the gold leaf, in order to study correlations 
between gold leaf ’s imperfections and appearance. The 
authors made oil gilding mock-ups on stone and meas-
ured the back-scattered light at normal incidence of the 
samples. They have found a red shift in the spectrum 
when the concentration of holes is higher. Mounier 
et  al.  [33] also present colorimetric observations on the 
appearance of gold leaf on white, red, and black sub-
strates. Oil and distemper gilding mock-ups representa-
tive of mural paintings were fabricated and artificially 
aged. The transmission spectra of different thicknesses of 
gold leaf were measured and the CIE L*a*b* coordinates 
were compared individually.

Wu et al. [15] study the influence of substrate colour on 
the visual appearance of gilding. Gilding mock-ups were 
fabricated using different methods such as oil gilding, 
water gilding, and ground gilding. The authors used col-
orimetry and interferometric microscopy to characterise 
the mock-ups and conclude that the colour of the sub-
strate does not alter the visual appearance of the gilding. 
However, they report that burnishing the gilding pro-
duces a significant change in appearance.

Finally, Sandu et  al.  [3] study the surface behaviour 
of water gilding and imitation gilding using liquid gold. 
The mock-ups were analysed before and after burnish-
ing (for the water gilded samples), and varnishing. 
The authors have measured the mock-ups’ colour in a 



Page 5 of 22Arteaga et al. Heritage Science           (2023) 11:31  

diffuse geometry of 0/0. They report that the CIE L* 
value decreases after burnishing and imply a decrease 
in lightness which contradicts the hypothesis that 
burnishing increases gloss. The authors contribute 
these discrepancies to a poor burnishing and/or a dif-
ferent behaviour from the gold leaf imitation. While 
this may be true, it must be stressed that colorimetry 
measurements in a diffuse domain are not adequate 
for evaluating gloss. They also report that varnishing 
the surfaces, increases the L* value of the water gilded 
samples but decreases it in the case of liquid gold.

Bidirectional reflectance of polychrome wood com-
posed of a silver leaf and yellow pine resin which gives 
it a golden appearance was measured using a spec-
troradiometer to detect changes in appearance due to 
accelerated ageing  [34]. The authors measured small 
colour changes due to ageing but significant gloss 
changes and more specifically a shift in the specu-
lar peak. The unaltered samples looked considerably 
glossier than the aged samples. The goniometric meas-
urements showed that the reflectance peaks which 
originally were symmetrical, become asymmetrical as 
an effect of ageing.

Bidirectional reflectance measurements of gold 
leaves used for gilding are performed in an attempt 
to model their BRDF  [35]. A multi-angle spectropho-
tometer was used to measure the reflectance of the 
samples at 12 different combinations of incidence 
and observation directions. The authors find that the 
colour change of the gold leaves at different angles of 
incidence and reflection is significant. Moreover, they 
conclude it is necessary to properly sample measure-
ment angles close to the specular peak to obtain accu-
rate BRDF models.

The literature review shows there is a lack of research 
in appearance capturing of gilded surfaces. Multispec-
tral and hyperspectral imaging systems are presented 
to digitise and capture objects where there are gilded 
or golden areas present on the scene  [29–31]. The 
three authors emphasise the necessity of appropriate 
illumination and viewing directions for accurate image 
capture. However, the focus is on the imaging device’s 
advantages and limitations, as well as the spatial and 
spectral quality of the data, not the appearance of the 
gilding. In the case of evaluating the appearance of 
gilded surfaces more specifically [3, 15, 32, 33], studies 
are limited to colorimetric measurements which are 
not sufficient to describe the complete visual appear-
ance of gilding. Moreover, these do not evaluate the 
effect of removing varnish from gilded surfaces. Thus, 
it is necessary to measure the appearance of gilded 

surfaces accounting for viewing and illumination 
directions to provide a more complete evaluation [34, 
35].

Materials and methods
Fabrication of gilding mock‑ups
The gilding studied in this paper are common types of 
gilding found in the Middle Ages  [17]. Water and oil 
gilding mock-ups were made by professional restorers 
using traditional techniques. The gold foil used for the 
gilding mock-ups is 22 karat or Versailles from Dauvet 
goldbeaters.

Four sets of mock-ups are produced using a plywood 
base. Two reference mock-ups with dimensions 11 x 
6  cm, which are not varnished, and two test mock-ups 
with dimensions 22 x 11 cm (Fig. 3). The test mock-ups 
are varnished and then cleaned following the four meth-
ods described below. As part of the original investigation, 
two different varnishes were studied. However, in this 
paper, only one varnish is analysed. The preparation of 
each mock-up is detailed in Table 1.

The mock-ups are fabricated following traditional gild-
ing techniques, with the same ground layer based on 
a chalk ground bound with diluted rabbit skin glue. In 
the case of oil gilding, an intermediate layer of shellac is 
applied on the ground and then, an oil-based gold size 
called mordant is used as substrate and adhesive. When 
the surface is tacky but not completely dry, the gold leaf 
is applied. For water gilding, an intermediate layer of rab-
bit skin glue and yellow ochre is applied, followed by a 
red bole. A mixture of ethanol and water is used as a wet-
ting agent before applying the gold leaf. The gold leaf is 
burnished manually using an agate burnishing tool which 
is applied in one direction to produce a highly metallic 
gloss.

For each gilding technique, one reference sample is kept 
unvarnished. The test samples are varnished with a com-
bination of dammar and colophony resins in equal pro-
portions. This varnish was found on the artwork as part 
of past conservation work (see Appendix). To avoid any 
premature damage to the gold leaf, the varnish is sprayed 
on the mock-ups using an Ecospray® at 10 cm. Each sur-
face is varnished five consecutive times. To accelerate 
the polymerisation of the resin, the mock-ups are placed 
inside a Suntest XLS / XSL + UV chamber, with 840780 
kJm−2 power and energy flux of 765 Wm−2 for 311 h, at 
35◦ C. The polymerisation of the resin impacts the adhe-
sion and ductility of the materials as well as the cohesion 
of the stratigraphy. It aims to replicate as close as possible 
a real, aged, varnished, gilded surface, since these proper-
ties could influence the solubility of the varnish.
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Varnish removal methods
Four chemical methods are tested to remove the varnish 
from the mock-ups. The methods chosen are commonly 
used in domains of conservation and restoration. The 
main principle is to use a solvent mixture of isooctane 
and ethanol in a 70:30 ratio  [36], in four different ways. 
The varnish removal methods and their advantages and 
disadvantages are described below (Fig. 4).

Method 1: Solubilisation with a cotton swab (n1) This 
method is traditionally used when removing an organic 
film in paintings. The cotton swab is dipped in the mix-
ture of solvents and applied on the surface with no pres-
sure. When the cotton is saturated with varnish, a new 
cotton swab is used. The advantages of this method are 
the good control of the solubilisation action and the 
absence of residue on the surface. On the other hand, 
cotton is an abrasive material which can damage sensitive 
substrates since there is little control over the diffusion 
into the substrate and the evaporation of the solvent.

Method 2: Solubilisation by applying a compress (n2) 
This technique is widely used in the restoration and 
conservation of artworks. A compress of the same 
dimensions as the desired area to clean is placed on 

the surface and soaked with the solvent. The compress 
used here is an Evolon®CR textile due to its absorbing 
qualities, simple use, and satisfying results  [37, 38]. A 
Melinex® plastic film is placed over the compress to 
avoid evaporation and a piece of glass is placed on top 

Fig. 3 Picture of the mock-ups fabricated. a Reference unvarnished water gilding. b Reference unvarnished oil gilding. c Varnished and cleaned 
water gilding. d Varnished and cleaned oil gilding. The red rectangle shows the varnished area with dammar and colophony. The green rectangles 
show the cleaned area for each method. ©Angèle Dequier/Inp

Table 1 Structure and material composition of the mock-ups

Sample name Type of gilding Varnish Type of cleaning

OG Oil No N/A

OG-V Oil Yes N/A

OG-V-n1 Oil Removed Method 1

OG-V-n2 Oil Removed Method 2

OG-V-n3 Oil Removed Method 3

OG-V-n4 Oil Removed Method 4

WG Water No N/A

WG-V Water Yes N/A

WG-V-n1 Water Removed Method 1

WG-V-n2 Water Removed Method 2

WG-V-n3 Water Removed Method 3

WG-V-n4 Water Removed Method 4
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to apply pressure on the surface. The advantages of this 
method are that it does not require rubbing the surface, 
it does not leave fibrous residues, and it is an isotropic 
and resistant material [39]. However, there is little vis-
ual control over its action on the varnish and it can only 
be used on flat surfaces.

Method 3: Solubilisation by use of an aqueous gel (n3) 
A solvent gel is fabricated following the technique devel-
oped by Richard Wolbers [19]. The gelling agent is a poly-
acrylic acid, a long-chain synthetic polymer (Carbopol® 
type), which is neutralised by an organic base from the 
amine family with surfactant properties (Ethomeen® 
type). A hemp paper interface is used to manipulate the 
gel and avoid unnecessary rinsing and rubbing. After two 
minutes the gel is removed, and the surface is rinsed with 
isooctane using a cotton swab. The advantage of using 
a gel is that there is little penetration of solvents com-
pared to free-handed methods like n1. Moreover, it can 
be applied to a specifically defined area and requires little 
rubbing as this is only necessary in the final rinsing stage. 
Nonetheless, the water content in the gel might alter 
water-sensitive surfaces such as oil gilding.

Method 4: Solubilisation by use of a silicon-based gel 
(n4) This method is applied in the same way as n3 but the 
gel chosen is silicon-based. The gel used here is a Shin 
Etsu KSG-350Z®. It can be coupled with silicone solvents 
with different molecular weights, called cyclomethicones. 

These are apolar solvents whose surface tension is very 
low. Their immiscibility with water, as well as their slow 
evaporation time, allow them to be used as a temporary 
“pore filler”; and thus, protect the substrate from the 
migration of other solvents. These evaporate more or less 
rapidly. The advantage of this method is that due to the 
silicon nature of the solvent, the substrate is temporarily 
protected. Also, this method is favourable for water-sen-
sitive surfaces, and due to its high viscosity, the penetra-
tion of the solvent into the substrate is limited.

Conventional colour and gloss measurements
Colour measurements were carried out with a Konica 
Minolta CM-2600d spectrocolorimeter, at specular 
component excluded (SCE) mode to have only the dif-
fuse light. 20 measurements were taken for each area, 
moving the device a few millimetres each time. Gloss 
measurements were taken with a Rhopoint Instruments 
Novo-Gloss glossmeter. The glossmeter measures at 
three angles of reflection (20◦ , 60◦ , and 85◦ ). The meas-
ured area is 6.4 x 6  mm at 20◦ , 6 x 12  mm at 60◦ , and 
4.4 x 4.4 mm at 85◦ . Since the measurement area is rather 
large, only three successive measurements at the same 
place were carried out, and the values were averaged in 
order to ensure their reproducibility. Both measure-
ment systems are designed for flat surfaces. In the case of 
curved surfaces present in real objects, a different choice 
of noncontact device would be necessary.

Flexible HDR multispectral‑imaging BRDF system
As previously explained in Appearance measurement of 
gilded surfaces, conventional colour and gloss measure-
ments are insufficient to fully characterise the appear-
ance of gilding. Thus, in this subsection, an alternative 
bidirectional reflectance acquisition and processing pipe-
line are presented.

The imaging system used in this paper has been 
described in  [40]. It is composed of a five-joint robotic 
arm which holds the illumination source, a multispectral 
snapshot camera, and a tilted stage with an angle of eleva-
tion of 22.5◦ (Fig. 5). The multispectral camera captures 
eight narrow bands centred at 440 nm, 473 nm, 511 nm, 
549 nm, 585 nm, 623 nm, 665 nm, and 703 nm. The cam-
era is positioned vertically over the sample at 30 cm. The 
images are acquired at maximum zoom of 3x and maxi-
mum aperture size. The effective pixel size is 0.0377 mm. 
The robotic arm is capable of moving in a 70 ◦ arch on the 
y-z plane. Thus, the sample is tilted so it is illuminated 
at a fixed angle of observation, θr = −22.5◦ , and the illu-
mination angles cover an arch of 35◦ from both sides of 
the mirror angle, ranging from θi = −57.5◦ to θi = 12.5◦ , 
with a total of 63 angles.

Fig. 4 Cleaning methods. a Solubilisation with a cotton swab under 
UV light. b Solubilisation by applying a compress. A pipette is used to 
soak the compress with the solvent. c Solubilisation by use of a gel. 
The gel is between two layers of hemp paper. d Rinsing the surface 
using a cotton swab
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HDR acquisition pipeline
Due to the specularity of the samples and as suggested 
in  [31], an HDR acquisition pipeline is developed. For 
each angle of illumination, ten images are taken at expo-
sure times 1 ms, 2 ms, 4 ms, 8 ms, 16 ms, 32 ms, 64 ms, 
125 ms, 250 ms, and 499 ms. Thus, for 63 angles of illu-
mination, a total of 630 images are taken with an average 
time of 30 min per sample.

For each acquisition, a dark-current set of images is 
obtained at the same exposure times. The non-uniform-
ity of the light source is corrected by performing a flat-
field correction. This is done by acquiring a set of images 
of a uniform white reference target [41]. To perform the 
spectral reconstruction, a 30-patch ColorGauge Nano 
Target colour chart  [42] which was measured using the 
HySpex VNIR-1800 hyperspectral imaging system at 
45/0 measurement geometry, is also acquired using the 

imaging system. The reflectance factors are interpolated 
to the range 400 nm - 700 nm in steps of 10 nm in order 
to calculate a transformation matrix for each angle of 
illumination.The colour chart is made of a diffuse mate-
rial so it is assumed that the reflectance spectra of the 
patches will not change significantly at different illumina-
tion directions.

Data processing pipeline
The data is processed to obtain an HDR BRDF of the 
sample, and has been described in [40] (Fig. 6). The HDR 
multispectral image is created following the method pro-
posed by Brauers, et al. [43].

For each sample, at each angle of illumination, ten raw 
images with 10-bit depth are taken with different expo-
sure times. The dark current is subtracted for each expo-
sure time. Each image is linearised using a look-up-table, 

Fig. 5 Side view of the imaging system. The sample is placed on a tilted stage, the camera is above the sample and the light is held by a robotic 
arm. a Picture of the imaging system. b Schematic of the imaging system. (Robotic arm not illustrated). Taken from [40]

Fig. 6 Processing pipeline to obtain HDR BRDF of the samples as described in [40]
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to obtain values proportional to the object’s radiance. 
At this stage, the HDR image is created by performing 
a weighted average across exposure times using a modi-
fied Tukey window. A flat-field HDR image of a uniform 
nearly-Lambertian reference white calibration surface is 
generated following the same steps to correct for non-
uniformity in the illumination. The flat-field correction 
is performed by multiplying the flat-field image with the 
HDR image. The HDR radiance map is demosaiced using 
bilinear interpolation where a multispectral image of 8 
bands is obtained and a panchromatic image as the ninth 
channel.

An area of 100 x 100 pixels is averaged to obtain the 
discrete reflectance factors, Q , at each spectral band. The 
spectral radiant power incident on the camera sensor is 
given by:

k = Aa is a camera specific factor, where A is the area 
of the sensor and a is the aperture of the optics. H are 
the spectral characteristics of the sensor filter array, S is 
the light source spectral irradiance, and β is the spectral 
reflectance.

Since H cannot be inverted, Equation 1 is re-arranged:

By using the camera response values from the uniform 
nearly-Lambertian reference white calibration surface, 
φref , the discrete spectrum of the light source, Sref , is 
approximated, where the reflectance spectrum of the 
white balance card, βref , is assumed to be that of a Lam-
bertian surface.

Dividing φ ÷ φref is the equivalent of a multispectral 
white balance, cancelling out the specific camera factor k, 
and giving the discrete reflectance factors for each spec-
tral band Q:

Given that H cannot be inverted, a transformation 
matrix, T , is calculated using the known reflectance spec-
tra, βcc , and reflectance factors, Qcc , of the reference col-
our chart:

(1)φ = kHSβ .

(2)φ = kS′Hβ .

(3)Q = Hβ .

(4)T = βccQ
′

ccinv(QccQ
′

cc + �I),

where I is an identity matrix and � = 0.0003 is a regu-
larisation factor which avoids overfitting and guarantees 
smooth curves.

Thus, the reflectance spectrum, βest , can be estimated 
using the following equation:

Bidirectional reflectance modelling
The bidirectional reflectance of the material is modelled 
using the BRDF defined by Nicodemus [44] as the ratio 
between the differential irradiance, E, along l at point x 
and the differential outgoing radiance, L, along v:

Cook‑Torrance BRDF
Cook and Torrance describe a physically based BRDF 
model based on geometrical optics [45]. This model is a 
well-established physical model and is used extensively 
to model specular materials like gold [35, 45–47]. The 
BRDF is separated into a specular, Rs , and a diffuse, Rd 
component:

where kd and ks are weighting parameters and 
kd + ks = 1 . The specular term is based on micro-facet 
theory, which dictates that only the micro-facets on the 
surface with orientations in between the viewing vector 
and the incident vector, called half-vector, h = l.v , will 
contribute to the reflected light.

The general form of the Cook-Torrance specular term 
is:

where F is the Fresnel term  [48], G is the geometrical 
attenuation factor accounting for shadowing and mask-
ing of micro-facets, D is the distribution of normals fac-
ing h , and n is the surface normal.

In this paper a simplified isotropic Cook-Torrance 
BRDF model is used:

(5)βest = TQ.

(6)f (x, l, v) =
dLr(x, v)

dE(x, l)
.

(7)f = kdRd + ksRs,

(8)Rs =
1

π

FDG

(n.l)(n.v)
,

(9)

Ip =





IPx
IPy
IPz



 = IaRa + Ii cos θi



ksRs + (1− ks)





Rdx

Rdy

Rdz







,
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where Ip is the CIE tristimulus value at point P with inci-
dent angle θi and at fixed reflection angle θr = −22.5◦ . 
IaRa is the ambient light term which is assumed to be 
zero as the experiment is performed in a dark environ-
ment. Ii is the incident light intensity, Rd are the spectral 
diffuse reflectance components. The specular compo-
nents, Rs , are given by the Cook-Torrance GGX specular 
term (Eq. 15). (For more details on BRDF models refer to 
the Appendix.)

For each measurement, the CIE XYZ tristimulus val-
ues are calculated using the reflectance spectra, S(�) , 
D65 illuminant, I(�) , and CIE 1931 colour matching 
functions, x(�) , y(�) , and z(�) , according to:

where

The CIE XYZ colour space is chosen because the Y chan-
nel is representative of the M cone’s spectral sensitivity 
for photopic vision; and thus, describes the luminance of 
the scene. The X channel contains a combination of the 
three CIE RGB curves, and the Z channel is related to 
the blue channel in RGB. Therefore, at a given Y value, 
the XY plane contains all chromaticities at that lumi-
nance. Moreover, the luminance is related to gloss as it 
can be defined as the sum of the distributions of the vol-
ume diffusion and the surface reflection caused by the 
microfacets [16].

These values are used to fit and optimise the parame-
ters ks , Rd , and αg into the BRDF model. Using a genetic 
algorithm  [49–51], the cube root cosine weighted root 
mean squared (RMS) formula is used as an objective 
function, defined as:

(10)





X
Y
Z



 =
1

N

�

�

S(�)I(�)





x(�)
y(�)
z(�)



d�,

(11)N =

∫

�

I(�)y(�)d�.

where M are the measured CIE XYZ values (Eq. 10) and E 
are the estimated BRDF values obtained using the Cook-
Torrance GGX BRDF model (Eq. 9), with the parameters 
p, calculated for the n pairs of incident and reflected 
directions. The minimum and maximum values for the 
BRDF coefficients to be optimised and the initial param-
eters used in the genetic algorithm optimisation problem 
are presented in Tables  2 and  3, respectively. Each CIE 
XYZ channel is optimised individually, giving a set of 
three models per surface. The cube root cosine weighted 
RMS function is used because the cosine weight compen-
sates for the reflectance increase towards grazing angles 
and the cube root compressive metric is used to avoid 
overemphasising the importance of BRDF peaks in the 
mirror angle [52].

Perceptual dimensions of gloss
Gloss is a function of a surface’s directional reflectance. 
Hunter defines at least six visual phenomena related to 
apparent gloss  [53]. In this paper, focus is given to con-
trast gloss and distinctness of image (DOI) gloss as they 
have been defined as perceptual dimensions of glossy 
appearance [54].

Contrast gloss is defined as the perceived relative 
brightness of specularly and diffusely reflecting areas, 
defined by Ferwerda et al. [54], and given by:

where ks is the specular weighted parameter and Rd is 
the diffuse component of the BRDF (Eq. 7). DOI gloss is 
defined as the perceived sharpness of images reflected in 
a surface and is given by:

where α is the width parameter for the specular lobe used 
to model the specular component, Rs (Eq. 15).

Multivariate analysis
Multivariate analysis provides a statistical evalua-
tion of various simultaneous observations. In this 

(12)

ost =

√

�((M(θi, θr) cos θi − E(θi, θr , p) cos θi)2)1/3

n
,

(13)c =
3

√

ks +
Rd

2
−

3

√

Rd

2
,

(14)d = 1− α,

Table 2 Minimum and maximum values for the BRDF 
coefficients to be optimised

α ks Rd

Min 0.05 0.01 0

Max 0.99 0.5 5

Table 3 Initial parameters used for the optimisation problem

Max iterations # population Beta pC Gamma Mu Sigma

100 1000 1 1 0.01 0.05 0.01
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subsection, multivariate methods used in this paper will 
be presented.

Principal component analysis
Principal component analysis (PCA)  [55, 56] is a popu-
lar method of dimensionality reduction. PCA looks for 
a projection which transforms the data into a new coor-
dinate space where most of the variation in the data can 
be described in fewer dimensions than the original data. 
Here, PCA is applied to the fitting parameters, α , ks , and 
Rd , obtained to model the BRDF of the surfaces, and to 
the gloss attributes, c and d, using 5 principal compo-
nents (PCs). The data is preprocessed by performing scal-
ing and centring.

Mahalanobis distance metric
The Mahalanobis distance is a measure of distance 
between a point, P, and a distribution, D. When P is at 
the mean of D, the distance is zero, and increases as P 
moves away from the mean along each principal com-
ponent axis  [57]. The Mahalanobis distance is favoured 
since it is unitless, scale-invariant and takes into account 
the correlations of the dataset.

Results and discussion
In this section, conventional colour and gloss results, 
widely used in restoration-conservation studies, are pre-
sented. Then, appearance classification results obtained 
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from bidirectional reflectance measurements are dis-
cussed as an alternative to the former.

Conventional colour and gloss measurements
Colour was measured following the method presented 
in Conventional colour and gloss measurements and the 
average CIE L*a*b* coordinates are calculated using CIE 
standard illuminant D65 and CIE 10◦ standard observer 
colour matching functions (Fig. 7). The colour difference 
between all the samples was calculated using CIE � E 
2000 (DE00) colour difference formula (Fig. 8), where val-
ues lower than 1 are below the just noticeable difference 
(JND).

Two clusters can be identified, water gilding samples 
have higher L* values than oil gilding (Fig. 7). Varnishing 
is expected to saturate both types of gilding, L* decreases 
and b* increases, producing a perceptible colour change 
as the luminance decreases and the chroma shifts to 
higher values of b* (Fig. 8).

Each varnish removal method changes the colour of 
the gilded surfaces differently. In the case of oil gilding, 
the colour difference between the four cleaned samples 
and OG-V is lower than the JND in the case of n2 and n3, 
suggesting an unperceivable colour difference, and just 
above the JND for n1 and n4 (Fig. 8). All varnish removal 
methods reduce the colour difference between the sur-
face and the unvarnished reference, except for n1. For 
water gilding, the colour difference between the cleaned 
surfaces and the varnished surface is just above the JND 
for all methods except n3 (Fig. 8). Like oil gilding, remov-
ing the varnish reduces the colour difference between 
them and the reference, with exception of n4. In general, 
removing varnish from gilded surfaces has a more signifi-
cant effect on water gilding than oil gilding.

Gloss was measured three times for each surface at 
20◦ , 60◦ , and 85◦ and the results were averaged for each 
measurement angle (Fig.  9). For oil gilding, at 20◦ , the 
reference sample has the highest gloss. The varnished 
and cleaned surfaces have a similar gloss. At 60◦ , the var-
nished surface has lower gloss than the reference but, n2 
has a slightly higher gloss than the reference. At 85◦ , the 
varnished surface has the highest gloss, n1 and the refer-
ence have similar values of gloss. The other three clean-
ing methods have lower gloss values than the reference.

In the case of water gilding, the relative differences 
in gloss are similar at the three measurement angles. In 
general, the unvarnished sample has the highest gloss. 
Varnishing decreases the gloss by almost two orders of 
magnitude in the case of 20◦ and 60◦ , and by a factor of 
5 at 85◦ . Cleaning the varnish increases the gloss at all 
angles. Method n3 has the highest effect, at 20◦ and at 
60◦ , n1, n2, and n4 are very similar. At 85◦ , n1 has gloss 
values closer to n3, then n2 and finally n4.

The glossmeter measurements show that varnishing 
decreases the gloss of the gilded samples, except for oil 
gilding at 85◦ . In the case of water gilding, the effect 
of varnishing decreases the gloss almost by a factor 
of 7 for all measurement angles. These results contra-
dict empirical knowledge which states that varnishing 
increases the gloss of surfaces. It must be emphasised 
that gloss measurements are not easily correlated to 
human perception; and thus, when evaluating appear-
ance changes caused by conservation methods, tradi-
tional gloss measurements must be interpreted with 
caution.

Conventional colour and gloss measurements are insuf-
ficient to fully understand appearance changes in gilded 
surfaces caused by varnishing. Colour measurements 
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provide a starting point in characterising the effects of 
varnishing and removing varnish. Yet, the colour dif-
ferences calculated here are not correlated to percep-
tion. While some surfaces have colour differences of less 
than a JND, a clear difference in appearance is perceived 
by visual inspection. Gloss measurements are harder to 
interpret as gloss units are not easily correlated to per-
ception. Moreover, the gloss measurements obtained 
above contradict empirical knowledge and experience. 
An evaluation of cleaning methods based on gloss meas-
urements is not possible as the results oppose visual 
perception. Therefore, the appearance of gilded surfaces 
must be measured using alternative methods to have a 
better understanding of how it is affected by varnishing 
and the removal of varnish.

Bidirectional reflectance measurements
In this subsection, the results obtained with the bidirec-
tional imaging system are presented. The samples were 
measured following the methodology proposed in Flex-
ible HDR multispectral-imaging BRDF system,, and the 
data was processed accordingly, to obtain CIE 1931 XYZ 
values as a function of the angle of incidence, θi , for the 

fixed angle of reflection, θr = −22.5◦ . The data is mod-
elled to the Cook-Torrance BRDF model and GGX distri-
bution, using a genetic algorithm.

The BRDF parameters estimated for each surface at 
each CIE XYZ channel and the minimum error obtained 
are presented in Table 4. The mean and maximum error 
values achieved were 0.178 and 0.262 respectively. These 
values are within the acceptable quality range; thus, the 
models represent well the measured data.

The BRDF coefficients are used to model the BRDF of 
the surface at the fixed angle of viewing, θr = −22.5◦ , as a 
function of the angle of illumination, θi (Fig. 10). The left 
column shows the BRDF obtained for oil gilding, and the 
right column shows the BRDF obtained for water gilding.

For all the samples, the coefficients fitted for CIE Z 
are different from those fitted for CIE X and Y (Table 4). 
This implies that the goniochromatism in the CIE X 
and Y channels has a similar BRDF, but the BRDF in the 
CIE Z channel is different. The CIE Z channel is repre-
sentative of the blue channel in the RGB space, which 
could explain this difference. The polar plots (Fig.  10) 
show similar specular lobes for CIE X and Y, but differ-
ent for CIE Z, in the case of both types of gilding. In the 

Table 4 BRDF model estimated coefficients and cosine cubic weighted RMS cost obtained using a genetic algorithm

Oil gilding Water gilding

α ks Rd cost α ks Rd cost

Unvarnished

 CIE X 0.651 0.074 4.915 0.262 0.897 0.062 0.923 0.245

 CIE Y 0.650 0.077 5.000 0.260 0.852 0.067 0.753 0.240

 CIE Z 0.808 0.122 1.234 0.175 0.490 0.052 0.124 0.250

Varnished

 CIE X 0.343 0.060 2.218 0.193 0.462 0.052 1.751 0.175

 CIE Y 0.371 0.066 2.130 0.190 0.480 0.057 1.584 0.173

 CIE Z 0.222 0.054 0.471 0.183 0.192 0.037 0.430 0.166

n1

 CIE X 0.729 0.110 4.815 0.185 0.659 0.083 4.785 0.226

 CIE Y 0.768 0.116 5.000 0.180 0.688 0.089 4.923 0.219

 CIE Z 0.518 0.152 0.268 0.147 0.489 0.110 0.534 0.169

n2

 CIE X 0.724 0.128 4.382 0.158 0.728 0.082 4.755 0.192

 CIE Y 0.770 0.134 4.831 0.155 0.759 0.088 4.916 0.190

 CIE Z 0.497 0.161 0.427 0.142 0.451 0.091 0.560 0.148

n3

 CIE X 0.865 0.177 4.131 0.129 0.781 0.094 4.261 0.155

 CIE Y 0.873 0.181 4.019 0.128 0.817 0.099 4.400 0.150

 CIE Z 0.542 0.215 0.134 0.124 0.250 0.082 0.598 0.152

n4

 CIE X 0.764 0.112 4.889 0.170 0.826 0.075 4.380 0.200

 CIE Y 0.776 0.115 4.838 0.170 0.859 0.082 4.312 0.183

 CIE Z 0.472 0.134 0.383 0.147 0.243 0.058 0.516 0.198
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case of oil gilding, the varnished sample has the highest 
magnitude in the Z coordinate.

The specular lobe of the three CIE XYZ coordinates 
for the oil gilding samples is smaller than that of the 
water gilding samples, suggesting water gilding is gloss-
ier than oil gilding. This is also suggested by the values 
of ks which in general are lower for water gilding than 
oil gilding (Table 4).

The BRDF coefficients are used to render the Adobe 
RGB visualisation of the surfaces at angle of viewing 
θr = −22.5◦ , and angles of illumination ranging from − 
57◦ to 12◦ . (Fig. 11). The left column displays the visu-
alisations of the oil gilding samples, and the column on 
the right shows the water gilding samples. The order 
from top to bottom is reference, varnished, n1, n2, n3, 
and n4.

The appearance of the Adobe RGB rendered images 
of the modelled BRDF is representative of the visual 

appearance of the varnished gilded surfaces (Fig.  11), 
these visualisations provide supplementary visual infor-
mation which discriminates an oil-based gilded sur-
face, from a water-based gilded surface, and indicates 
the presence (or not) of a varnish layer on the gold leaf. 
Moreover, in the context of varnish removal, the images 
allow to visualise the impact of the different treatments 
on a gilded surface, and to classify the types of gilding 
and to discriminate their characteristics. The visualisa-
tions allow to discriminate the various levels of gloss 
of the different surfaces and are similar to the gilded 
surfaces of the mock-ups. These nuances give a visual 
scale, which allows, in this case, to control the varnish 
removal and define the limits of acceptability.

Perceptual gloss attributes
The BRDF coefficients obtained for the CIE Y chan-
nel, representative of luminance, are used to calculate 
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contrast gloss, c, and DOI gloss, d, values according to 
Eq. 13 and Eq. 14 respectively. (Fig. 12). The CIE Y chan-
nel is chosen since the luminance is correlated to the 
gloss BRDF [16].

Varnishing increases the contrast gloss, c, for both 
gilding techniques. The four varnish removal methods 
decrease c compared to the varnished area. In the case of 
oil gilding, n1 and n4 have the weakest effect on c, and n2 
decreases the value of c the most. For water gilding, the 

varnish removal methods have a value of c from higher to 
lower in the order n1, n2, n3, and n4.

Unvarnished water gilding has a value of DOI gloss, d, 8 
times higher than unvarnished oil gilding. The DOI gloss, 
d, is also affected by varnishing. The two varnished sam-
ples, oil and water gilding, have the same value of d. In 
the case of oil gilding, d increases by a factor of 4. While 
for water gilding, varnishing decreases the value of d by 
half. Varnish removal methods n1, n2, and n4 decrease 

Fig. 11 Adobe RGB rendered images of the modelled BRDF of each surface at fixed viewing angle, θr = −22.5
◦ . Each 10 pixels on the horizontal 

axis represent a step of one degree in angle of incidence
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the value of d by the same amount for both types of gild-
ing. In the case of oil gilding, n3 increases the value of d.

These results are consistent with visual perception and 
empirical knowledge, and can be explained by the trans-
lucent nature of varnish. Varnishing the surface implies 
adding an interface in the stratigraphy of the gilding. 
Gold has a very high extinction index (0.37 + 2.82i at 
600 nm [58]), making it very opaque and reflecting. Var-
nish, on the other hand, is a refractive medium. In the 
case of unvarnished oil gilding, both contrast gloss and 
DOI gloss are lower than that of water gilding. This is 
expected since both surfaces have very different rough-
ness; being smoother water gilding is glossier. However, 
once varnished, both oil and water gilded surfaces are 
very similar in appearance. The varnish has a saturating 
effect which is reflected in an increase in contrast gloss 
for both types of gilding. It also increases the DOI gloss 
of oil gilded surfaces; however, it has the opposite effect 
on water gilding. The varnish smooths the surface rough-
ness of oil gilding, increasing its DOI gloss. In the case 
of water gilding, varnishing decreases the DOI gloss 
because the varnish acts as an interface where refraction 
and scattering decrease the perceived sharpness of the 
reflected image. The effect of refraction and scattering of 
varnish on oil gilding is lower than the effect of its sur-
face roughness. However, for water gilding, the opposite 
is true since its original surface is smoother.

The contrast and DOI gloss values, unlike traditional 
gloss measurements, are consistent with the visual per-
ception of the gilded surfaces as well as empirical knowl-
edge and experience of conservators. These results 

suggest that varnishing gilded surfaces increases both 
contrast and DOI gloss in the case of oil gilding, and 
only contrast gloss in the case of water gilding; which is 
expressed as a general increase in gloss by conservators.
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Clustering based on perceptual gloss attributes
The BRDF coefficients obtained for all the samples at the 
CIE Y channel, as well as the corresponding c and d val-
ues for the same channel are used to perform a principal 
component analysis (PCA) with 5 principal components 
(PCs), with scaling and centring of the data. The first 
three PCs give a cumulative explained variance of 96%.

The first two PCs can be interpreted as perceptual axes. 
PC1 is strongly correlated to contrast gloss, c, which by 
definition is inversely proportional to α . PC2 is strongly 
correlated to the difference between distinctiveness of 
image gloss, d, and Rd (Fig 13).

Based on the PCA, clear clusters are formed. Firstly, the 
reference surfaces are at opposite ends of the PC space. 
OG lies in the negative quadrant of both PC1 and PC2, 
whereas WG lies in the positive quadrant for both PCs. 
This implies that both surfaces are the most different in 
terms of their appearance. WG has a high DOI gloss and 
relatively high contrast gloss, OG has a low DOI gloss 
and lower contrast gloss. This confirms common knowl-
edge that oil and water gilding have very different appear-
ance, since water gilding is burnished, it has a glossy 
effect, unlike oil gilding.

The varnished samples are also clustered in one group. 
They have a positive PC1 value and negative PC2 value. 
Varnishing the samples increases the contrast for both 
types of gilding. However, the DOI gloss of water gild-
ing decreases whilst for oil gilding it increases. These 
changes produce a similar appearance for both types of 
gilding when varnished, which is consistent with empiri-
cal knowledge and experience.

Finally, the cleaned surfaces are clustered in two 
groups, dependent on their gilding type. Oil gilding sam-
ples are on the negative scale of PC1 and near 0 for PC2. 
Water gilding on the other hand, are closer to the origin, 
in the positive scale of PC1. This implies that oil gilding 
samples in general have lower contrast and DOI gloss 
than water gilding samples. OG-V-n3 does not belong 
to any cluster, as it lies on the negative scale of PC1 but 
positive scale of PC2.

While the different varnish removal methods (except 
for OG-V-n3) give each type of gilding a similar appear-
ance, none of them restore the original appearance of the 
gilding before varnishing, nor maintain the appearance of 
the originally varnished surface.

The Mahalanobis distance  [57] is calculated between 
each surface to evaluate the varnish removal meth-
ods, using the first three PCs which have a cumulative 
explained variance of 96%. (Fig. 14). The varnish layer is 
considered a part of the stratigraphy of the artwork, thus, 
the most desirable method is the one which produces an 
appearance closest to that of the varnished sample. The 
varnish removal methods are ranked from closest to fur-
thest in appearance compared to the varnished layer. For 
oil gilding, the method which gives the closest appear-
ance is n2, followed by n1, n4, and finally n3. For water 
gilding the order is n2, n3, n4, and finally n1.

Varnish removal method n2, which produces the clos-
est appearance to that of the original varnished surface, 
involves the application of the solvent by applying a 
compress. This method does not involve any mechanical 
action on the surface and does not leave residues on the 
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surface, which could be the main reasons why it gives the 
best results. Methods n1 requires mechanical action with 
a cotton swab to remove the varnish which can result in 
abrasion of the gold leaf. Methods n3 and n4 differ in the 
nature of the gel used, but both methods require the sol-
vent to be rinsed with a cotton swab which is abrasive in 
nature. Moreover, method n3 is a water-based gel, which 
due to its water content can alter water sensitive surfaces, 
such as oil gilding. This could explain why in the case of 
oil gilding, n3 causes the strongest appearance change, 
while in the case of water gilding it gives a satisfying 
result.

Visual examination by a professional conservator
A professional conservator specialised in gilded surfaces 
was consulted to provide a visual examination of the 
mock-ups and the effect the different conservation pro-
cedures have. They stated that the varnished oil gilding 
sample had a glossier appearance than the reference oil 
gilding, and an appearance closer to that of varnished 
water gilding which is consistent with the results pre-
sented above.

Regarding the varnish removal methods, in the case of 
oil gilding, method n1 produced a strong cleaning. How-
ever, there were residues of varnish on the surface distrib-
uted in a non-homogeneous way. Method n2 produced a 
homogeneous cleaning, leaving a thin film of varnish on 
the surface. Method n3 gave a very aggressive stripping 
of the varnish, even to the point of damaging the gold 
foil. This could be the reason why n3 is not clustered with 
the other cleaned oil gilded samples (Fig. 13). Finally, n4 
produced an aggressive and non-homogeneous removal 
leaving some varnished as well as unvarnished areas on 
the sample.

For the water gilding samples, method n1 produced a 
non-homogeneous, slightly aggressive clearance of the 
varnish, most likely due to the mechanical action of the 
cotton bud required to remove the varnish. Method n2 
gives out a homogeneous clearing of the varnish. Method 
n3 also generated a homogeneous clearing of the varnish 
with a fine layer of varnish residue. In the case of method 
n4, the varnish was cleaned but not completely cleared. 
These comments confirm the results obtained by the 
cluster analysis (Fig. 14). The conservator concluded that 
for them, the best method to remove varnish from an 
oil gilded surface was method n2, while for a varnished, 
water gilded surface methods n2 and n3 were the most 
appropriate.

The results obtained by measuring the BRDF of the 
surfaces provide additional visual information on the 
appearance of the metal surface (Fig.  11), as well as a 
quantified approach to discriminate the gloss of water 
gilding and oil gilding, and indicates the presence or not 
of surface coatings on the gilding. In addition, this analy-
sis in the context of varnish removal, makes it possible 
to characterise the presence of a layer of varnish on the 
gold leaf, not visible to the naked eye. Therefore, the var-
nish removal approach can be influenced by these results 
and controlled quantitatively. For example, in the case of 
oil gilding, method n3, has damaged the gold leaf due to 
the aqueous nature of the gel. This can be visualised in 
the render of the BRDF of the surface as OG-V-n3 has 
a distinct visual appearance, very different from both the 
unvarnished and varnished visualisations.

Conservation of the Vierge de douleur/Virgin of sorrows
As part of the conservation work carried out at the 
National Heritage Institute, the Vierge de douleur/Virgin 

Fig. 15 Conservation of the Vierge de douleur/Virgin of sorrows. a Removal of varnish using Evolon®CR compress soaked with solvent. b Detail of an 
area of the painting after removing the varnish. c Entire counterform of the gilding, in Evolon®CR, after the varnish removal process
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of sorrows underwent a restoration campaign. Kept in 
storage since its acquisition by the Jacquemart-André 
Museum, it was until now unknown to the public. Its 
study and conservation enable to re-appreciate this work, 
rich in values.

The conservation work consisted of a structural secur-
ing of the panel and the frame, and seeks to harmonise 
the appearance of the whole, mainly through a cleaning 
work. Targeted research on the cleaning of varnished 
gilding has been carried out, in order to guide the res-
toration treatments. Following the results presented 
above, as well as complementary analyses, the painting 
was cleaned by solubilisation by applying a compress, 
with particular attention against the use of cotton for 
this operation. (Fig. 15). Moreover, removing the varnish 
by applying a compress, not only produces the smallest 
change in gloss and causes no abrasion, but also is the 
most reproducible and homogeneous method, maintain-
ing a very thin layer of varnish which is beneficial for 
the protection of the gilding from external degradation 
factors.

Conclusions and future work
This paper presents a framework for characterisation, 
classification, and evaluation of oil gilded and water 
gilded surfaces as well as the effect on appearance of 
varnish, and varnish removal methods.

It is shown that conventional colorimetric and gloss 
measurement and analysis are insufficient to properly 
characterise the appearance of gilded surfaces, and 
evaluate the appearance changes induced by different 
restoration processes such as varnishing and varnish 
removal methods.

To overcome this issue, an imaging system is used to 
measure the bidirectional reflectance of mock-ups of 
unvarnished oil gilding and water gilding, varnished 
mock-ups, and mock-ups cleaned with four different 
chemical varnish removal methods. By performing a 
PCA on the BRDF model coefficients as well as percep-
tual gloss attributes, clear groups can be identified. The 
evaluation of cleaning methods based on the PCA clus-
ters are consistent with visual inspection by a profes-
sional conservator.

In particular, the results show that the varnishing 
effect is irreversible on the appearance of gilding. As 
expected, water gilding has the highest DOI gloss, and 
oil gilding has the lowest DOI gloss. It is found that 
varnishing modifies the appearance of both types of 
gilding, making their appearance more similar to each 
other. Furthermore, either for water or oil gilding, none 
of the varnish removal methods restore the gilding to 
its original appearance due to the fragility of the gold 
foil.

For future studies, this methodology could be applied 
on investigating the effects of ageing on the appearance 
of gilded surfaces and the effects of varnish removal 
methods on aged, gilded surfaces. It must be clarified 
that the method presented here focuses only on appear-
ance changes induced by varnishing gilded wood, as well 
as effects due to varnish removal methods. A broader 
evaluation on cleaning methods must also consider other 
factors such as the uniformity of the cleaning, remnants 
of varnish on the surface, lacunas, stripping of the gold 
foil, absorption of the solvents by the surface, etc.

The methodology presented in this paper allows to not 
only characterise and cluster different gilded surfaces 
accurately, but does so in a coordinate space which is cor-
related to human perception, by using perceptual gloss 
attributes. Gloss attributes are necessary to explain the 
changes in appearance, whether due to different gilding 
techniques, varnishing, or different cleaning methods, 
and these are accurately represented in the component 
space. Moreover, this methodology can evaluate cleaning 
methods with results consistent to those of visual exami-
nation by experts.

Finally, a 15th-century panel painting and its 19th-cen-
tury neo-gothic frame were restored, involving a cleaning 
campaign guided by the results obtained by this frame-
work. Solubilisation by applying an Evolon®CR compress 
has proven to be an effective method which creates the 
minimum change in appearance, as well as being homo-
geneous, maintaining a thin layer of varnish which pro-
tects the gilding from external degradation factors.

Appendix
Technological study of the artwork
To guide the conservation of the painted panel a tech-
nological study was conducted to identify its materi-
als and fabrication methods  [59]. Macro XRF showed 
that only pure gold leaf was used in the gilding. The 
contracts from this time period suggest the use of a 23 
karat gold leaf  [60]. Water gilding would be the most 
appropriate technique for this type of work. However, 
the stratigraphic cross-section reveals the presence of 
an extremely thin orange layer under the gold leaf, com-
posed of ochre. Due to the lack of lead pigments almost 
systematically used as driers in the mordant [60], oil gild-
ing is dismissed as a possible fabrication technique. A 
third technique, less known and less documented, could 
have been used. It is a water-based gilding that does not 
use a bole, but only a charged preparation. This is bound 
with fish glue and egg white or honey, and coloured with 
cinnabar and saffron. The gold leaf is placed directly 
on this preparation, or dry by reapplying water  [4]. It is 
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difficult to know whether the gold leaf was burnished 
or not: the absence of a bole as well as the great finesse 
of the gold leaf would make this process difficult  [60]. 
Moreover, binocular microscopic observation revealed 
the presence of a translucent orange film over the gold, 
most likely a glaze applied uniformly over the gold leaf to 
create a “vermillonage” [4].

Gas chromatography coupled with mass spectrometry 
analysis of the varnish on the painted panel reveals the 
presence of colophony pine resin, oil, and dammar resin. 
While it is hypothesised that the colophony and oil found 
on the painting belong to the original varnish, the dam-
mar resin must be a product of previous conservation 
campaigns since it was first used in Europe in 1829 [61].

Bidirectional reflectance modelling
GGX distribution Walter et  al. [62] propose a Bidirec-
tional Scattering Distribution Function (BSDF) called 
GGX. This GGX BRDF is inspired by the micro-facet 
model proposed by Cook and Torrance. The general form 
of the GGX is given by:

The GGX normal distribution function of micro-facets is 
given by:

where αg is a width parameter for the specular lobe, θh is 
the angle between the half-vector, h , and the surface nor-
mal, n , and χ+ is a positive characteristic function which 
equals to one if its parameter is greater than zero and 
zero if its parameter is lesser or equal to zero.

The geometrical attenuation factor which describes 
the shadowing and masking effects is derived from 
the GGX distribution, D (Eq.  16). This is given by the 
monodirectional shadowing term defined as:

where θv is the angle between the viewing vector, v , and 
the surface normal, n.
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