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Abstract 

The lack of comprehensive studies on silver paints in manuscripts is a handicap to new stabilization strategies and 
treatments. This work develops and tests a methodological approach for the study of the degradation of silver paints, 
at the molecular level, using as a case study a French Book of Hours dated from the 15th century from Mafra National 
Palace collection. In this paper, we show that the global equation commonly used by the cultural heritage commu-
nity to describe the tarnishing of silver proves to be insufficient to understand the main factor causing its severe and 
extensive darkening in medieval illuminated manuscripts. This equation depicts the degradation of silver instantly 
with a sulphide containing species as  H2S. Recent research has solidly proved that the first intermediate of silver oxi-
dation is  Ag2O. This theme will be presented in a forthcoming review. Within this framework, we selected four typolo-
gies of silver paints, all analysed by in situ techniques and four as microsamples; due to the very small size and fragility 
of the microsamples, new methods of sample preparation were developed and tested. The main research questions 
include: (1) understanding how silver-based colour are formed, disclosing its full stratigraphy; (2) define if the other 
compounds present, such as colour paints and the ground, may affect silver oxidation by stabilizing or accelerating it; 
(3) comprehend if it is possible to characterize the degradation products of silver paints with the methodology devel-
oped in this work, both in the bulk and at the interfaces between layers. Overall our results show that silver-based 
colours exhibit a complex stratigraphy that impacts its conservation condition. Further research at the molecular level 
is required on the correlation of the main components of the ground (binder and filler such as gypsum and calcium 
carbonate) and the paints that are applied as layers over or under the silver leaf. Our case studies have shown that 
both in situ analytical techniques and scanning electron microscopy with energy dispersive spectroscopy analysis in 
the microsamples, provide relevant information on the silver colour stratigraphy. However, the information obtained 
studying cross-sections is more accurate. We consider that the study of the degradation mechanism of silver in medi-
eval illuminated manuscripts will require the combination of both approaches; in situ methodologies support the 
relevance of the data acquired on the microsamples. Microsamples studies will make possible the acquisition of data 
that is fundamental to understand the darkening of silver paints and this, in turn, is essential to develop informed and 
sustainable conservation policies.
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Introduction
Over the past decade, an interdisciplinary research 
on medieval books in Portuguese collections held at 
public institutions has been carried out [1]. A recent 

investigation, on the systematic study of the colour mate-
rials applied in the illumination of the books of hours 
preserved in Portuguese institutions, showed that silver 
is lavishly applied in backgrounds, highlights and minute 
details [2–12]. In most of the cases, silver colours present 
dramatic blackening, but in some manuscripts, the metal 
brightness is still present. Although the application of sil-
ver leaf in illuminated manuscripts has been referred by 
several authors [13–25], the study of silver degradation 

Open Access

*Correspondence:  mjm@fct.unl.pt 
1 DCR and LAQV-REQUIMTE, Faculty of Sciences and Technology, 
Universidade NOVA de Lisboa, Campus da Caparica, 2829-516 Caparica, 
Portugal
Full list of author information is available at the end of the article

http://orcid.org/0000-0003-3616-7534
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40494-018-0172-7&domain=pdf


Page 2 of 13Araújo et al. Herit Sci  (2018) 6:8 

in the cultural heritage field has been mainly associ-
ated with metal artefacts, jewellery or composite objects 
such as altarpieces, polychrome and gilded objects, silver 
threads in textile, daguerreotype photos and silverpoint 
drawings [26–38]. Despite its importance for cultural 
heritage preservation, there is little consensus on the lit-
erature regarding silver degradation mechanisms. Inves-
tigation of the molecular processes of silver oxidation 
show that the direct pathway, Eq.  1, that has been pro-
posed and accepted by the cultural heritage field for silver 
tarnishing, does not depict the essential mechanism; in 
fact, silver, pure or in an alloy, does not react directly with 
sulphide forming silver sulphide  (Ag2S), even in the pres-
ence of high sulphide concentrations [26, 39]. Accord-
ing to Besenbacher and Nørskov, as cited by Homem 
[39–41], the first step of the overall oxidation process ini-
tiates with the adsorption of oxygen on the surface of sil-
ver. Leygraf and Graedel [42] demonstrated that when in 
the presence of humidity, the oxidized surface will react 
with the water from the atmosphere, forming hydroxyl 
compounds and a thin layer of water. According to these 
authors [39, 42], in a museum environment, only 2–5% of 
RH is necessary to form an oxide and 15% RH to form a 
monolayer of water over the oxidized surface. In addition, 

we propose that the biradicaloid nature of oxygen is the 
driving force for the first electron transfer from silver 
to oxygen, forming intermediates of the type O2−

2  . The 
complete transfer of  4e− enables the formation of two 
 O2− and consequently of  Ag2O. It is through this interme-
diate,  Ag2O, that  Ag2S is formed, since oxygen is replaced 
by  S2−, when available, due to the higher Ksp of the for-
mer (KspAg2O = 2.6 × 10−8, KspAg2S = 6.0 × 10−50) [42], 
Table  1. Likewise, for the formation of silver chlorides, 
sulphates, and hydroxides. In the case of a chloride ion 
and/or radical, the possibility of a direct reaction must 
also be considered. A full mechanisms of silver corrosion 
will be presented and explained in a micro review that is 
in progress.

In medieval ages, silver has been applied in illumina-
tions, as leaf or powder, and could be found in skies, 
lakes, windows, floors and quotidian objects depicted 
in the illumination, Fig.  1. In decorated borders, silver 
was used in animals, flowers and vessels, or could even 
be used as a writing ink. Gilding techniques, concern-
ing gold and silver, have been referred in many medi-
eval recipes and treatises [44–51]. The metallic leaves 
could be applied over the parchment surface, previously 
burnished, or over a ground layer. In the cases that we 
analysed, the grounds were prepared with gypsum, cal-
cium carbonate or a mixture of both, combined with 
proteinaceous or polysaccharide binders [4, 52]. Yellow 
ochres and vermilion could be applied over the ground as 
a bolus layer [52]. Finally, the metallic leaves are applied 
and burnished. Following that, pigments could be applied 
over the metallic surface to construct minute details or to 
shade it, Figs. 2 and 3.

(1)2Ag (s)+H2S
(

g
)

→/ Ag2S (s)+H2

(

g
)

Table 1 The first oxidation product is  Ag2O that by ligand 
substitution is converted into  Ag2S

ΔG° value calculated with reference data from [43]

E°/V ΔG°/kJ/mol

O2 (g) + 4Ag (s) → 2Ag2O (s) 0.43 − 22.42

Ag2O (s) + H2S (g) → Ag2S (s) + H2O (aq) – − 233.26

Ag2O (s) + COS (g) → Ag2S (s) + CO2 (g) – − 256.94

Fig. 1 Book of Hours Cofre no31 (Paris, ca. 1440–1490), folios 25, 73 and 91 (PNM)
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The lack of comprehensive studies on silver paints in 
manuscripts is an obstacle to new stabilization strategies 
and treatments. This work develops and tests a methodo-
logical approach for the study of the degradation of sil-
ver paints, at the molecular level, using as a case study a 
French Book of Hours, cofre no31, dated from the 15th 
century and belonging to the Mafra National Palace col-
lection (PNM), Fig. 1. To understand our research ques-
tions, it is important to bear in mind that in many cases 
the silver paint is so severely degraded that information 
regarding the forms and colours is lost; with the naked 
eye, what we see is a black form with fuzzy contours, 
Fig.  3. Research questions include: (1) understand the 
transformation of silver and its impact on the other col-
ours that are in contact with it; (2) find out if the other 
colour paints and the ground may affect silver oxidation, 
by stabilization or accelerating it; (3) comprehend if it is 
possible to characterize the degradation products of sil-
ver paints, both in the bulk and at the interfaces of the 
different layers of colour.

Elemental and molecular characterization of the col-
our palette of Ms Cofre no31 was carried out by energy 
dispersive X-ray fluorescence (μ-EDXRF), Raman 
microscopy (μ-Raman), µ-Fourier transform infrared 
spectroscopy (μ-FTIR) and fiber optic reflectance spec-
troscopy (FORS) in the framework of a previous study 
[12]; organic chromophores were confirmed using micro-
spectrofluorimetry in the UV–Vis for the present study. 
Overall, the colourants found in the original corpus, 
dated from ca. 1440, are: azurite  (2CuCO3·Cu(OH)2), 
lapis lazuli  (Na8[Al6SiO24]Sn), sometimes over the azurite, 
and indigo for the blues; vermilion (HgS), it is minium, 
the name of a medieval pigment  (Pb3O4) and brazilwood 
lake for painting the reds; the yellow colours are obtained 
with lead–tin yellow type I  (Pb2SnO4) and mosaic gold 
 (SnS2); malachite  (CuCO3·Cu(OH)2) was used for the 

green colours and, sometimes, an organic pigment was 
applied to shade it; highlights are applied with lead white 
 (2PbCO3·Pb(OH)2) and carbon black (C) was used for 
the black tones; silver (Ag) was applied as leaf and gold 
(Au) as leaf or powder.

In situ techniques were not effective in acquiring 
information regarding the silver paints stratigraphy; to 
overcome this obstacle, scanning electron microscopy 
with energy dispersive spectroscopy (SEM–EDS) was 
tested in the microsamples. Different sample prepara-
tion methods were designed and their efficacy compared; 
the proportion of calcium carbonate  (CaCO3) and gyp-
sum  (CaSO4·2H2O), applied on the grounds of the silver 
leaves, was also addressed. The results obtained enabled 
us to characterize both the silver leaf and ground layers, 
as well as degradation products, contributing to a bet-
ter understanding of the corrosion mechanisms of silver 
paints in medieval manuscripts.

Methods/experimental
Book of hours
The manuscript cofre no31, from the books of hours col-
lection, is preserved in the Library of Mafra National Pal-
ace (PNM) and has been kept in a safe at the historical 
library. Dated from ca. 1440–1490 (origin: France, Paris), 
the manuscript measures 180 ×  131 ×  68  mm. It con-
sists of 162 folios (ff.) of parchment with 15 lines of text, 
written in Latin and French, and 3 illuminations with 4 
lines of text underneath. Some of the borders are deco-
rated with golden ivy leaves, flowers, acanthus leaves and 
strawberries. The bookbinding of this book was added 
later, between late 18th century—early 19th century, in 
Portugal, following the binding style of the 18th century 
library of Mafra National Palace, using identical decora-
tion and materials.

Fig. 2 Schematic reconstruction of a stratigraphy of a silver sky background: over the parchment, a ground is applied that is the base for silver; on 
top of it, lapis lazuli is used to draw the clouds; indigo is used to shade the metal leaf. This proposal is based on the analysis of Ms Cofre no24 [4, 11]
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Fig. 3 Step by step reconstruction and proposals for the stratigraphies of the different applications of silver paints found in Ms Cofre no31, (Paris, ca. 
1440–1490)
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Analytical techniques
A total of seven folios were studied previously (25, 62, 73, 
91, 147v, 153 and 160) [12] and in this project three were 
addressed: 25, 73 and 91. Usually, per folio, each colour 
was analysed in two to three different areas (collect-
ing per area in two to three points), to ensure relevance. 
Micro-sampling in representative areas was performed 
using a microchisel from Ted Pella under a Leica MZ16 
stereomicroscope (7.1× to 115× zoom range), equipped 
with a Leica ICD digital camera and a fibreoptic light 
Leica system (Leica KI 1500 LCD). Here, seven micro-
samples, measuring circa 100 µm were taken from folio 
73 (cofre no 31), and photos from the sampled areas were 
recorded. The microsamples were analysed by comple-
mentary analytical techniques:

X-ray fluorescence data was obtained with an Art-
TAX spectrometer of Intax GmbH, with a molybdenum 
(Mo) anode, a Peltier cooled SDD (silicon drift detector), 
model Xflash, installed in a mobile arm of the spectrom-
eter, was used to collect the produced X-rays. The use of 
pollycapillary lens allows beam spot analysis with a spa-
tial resolution of 70  µm. The experimental parameters 
used were: 40  kV of voltage, 300 µA of current inten-
sity, and 150 s of acquisition time. A poly(methyl meth-
acrylate) (PMMA) sheet was inserted under each folio 
studied, and the areas of analysis were carefully chosen so 
that no paint was on the other side.

Raman microscopy was carried out using a Labram 300 
Jobin–Yvon spectrometer, equipped with a He–Ne laser 
of 17 mW power operating at 632.8 nm and a solid state 
laser operating at 532  nm. Spectra were recorded as an 
extended scan. The laser beam was focused with a 50× or 
100× Olympus objective. The laser power at the surface 
of the samples was varied with the aid of a set of neutral 
density filters (optical densities 0.3, 0.6, 1).

Infrared spectra were acquired with a Nicolet Nexus 
spectrophotometer coupled to a Nicolet Continuµm 
microscope (15× objective) with a mercury–cadmium–
telluride (MCT) detector cooled by liquid nitrogen. 
Spectra were obtained in transmission mode, between 
4000–650  cm−1, resolution of 4  cm−1, and 128 or 256 
scans. Microsamples were previously compressed using 
a Thermo diamond anvil compression cell. Spectra are 
shown here as acquired, without corrections or any fur-
ther manipulations, except for the occasional removal 
of the  CO2 absorption at ca. 2300–2400  cm−1. For the 
ground references, FTIR analyses were performed on the 
same Nicolet Nexus spectrophotometer using KBr pel-
lets. The spectra were collected in transmission mode, 
between 4000–400 cm−1, with a resolution of 4 cm−1 and 
64 scans.

Fluorescence excitation and emission spectra were 
recorded on a Jobin–Yvon/Horiba SPEX Fluorog 3-2.2 
spectrofluorimeter. Fluorescence spectra were corrected 
for the wavelength response of the system. For spectro-
fluorimetry analyses, the latter equipment was hyphened 
to an Olympus BX51M confocal microscope, with spa-
tial resolution controlled with a multiple-pinhole tur-
ret, corresponding to a minimum 2  µm and maximum 
60  µm spot, with 50× objective. Emission spectra were 
acquired exciting at 490 nm, and excitation spectra were 
performed collecting the signal at 610 or 620  nm. Both 
were acquired in a 30  µm spot (pinhole 8) and the fol-
lowing slits set: emission slits =  3/3/3  mm, and excita-
tion slits =  5/3/0.8 mm. The optimization of the signal, 
through mirror alignment in the optic pathway of the 
microscope, was performed for all pinhole apertures fol-
lowing the manufacturer instructions. Spectra were col-
lected after focusing the microsample followed by signal 
intensity optimization (detector reading). Emission and 
excitation spectra were acquired in the same spot when-
ever possible.

SEM images were obtained using a FEI Quanta 400 
FEG ESEM, which uses a Schottky field emission gun, 
operating at low vacuum conditions and at 15  kV, 
equipped with an EDAX Genesis X4M detector. Images 
were acquired using backscattered electron detec-
tor (BSED). SEM was performed within the Portuguese 
microscopy network RENM, at CEMUP-Centro de Mate-
riais, Universidade do Porto.

References preparation
References were prepared with chalk  (CaCO3), from Roig 
Farma, gypsum  (CaSO4·2H2O), from Panreac, collagen, 
from “Jerónimos” gelatin, KBr and distilled water. Firstly, 
chalk and gypsum were ground together in a mortar with 
different ratios, from 90:10 to 10:90. Following that, the 
different combinations were prepared as collagen paint 
and as a pellet. The ground paints references were made 
by admixing the mixtures of compounds (0.1 g) with col-
lagen binder (0.05 ml), and applied over glass slides. The 
microsamples were compressed in a diamond cell for 
infrared analysis. The binder was prepared in a first stage, 
leaving the gelatine leaf in water for 2  h, and then was 
subjected to 90  °C with stirring. Concerning the pellets, 
the mixtures of compounds (0.1 g) were ground with KBr 
powder (0.1 g), and pressed under high pressure (10 tons, 
during 10  min). For both methods and different com-
ponents proportion, three replicates were prepared and 
analysed.

Brazilwood reference samples were prepared following 
the recipes 9 and 27 from The book how to make colours. 
For more details, see [53].
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Results and discussion
Our aim is to study silver paints with different degrees 
of degradation. This study involved the analyses of sil-
ver paint areas that were produced using different 
techniques, namely: silver leaf over a ground (folio 73, 
analysed in  situ and in microsamples) and silver leaf 
applied directly on parchment support (folio 25 and 91, 
analysed only in situ).

The areas studied and sampled on folio 73 included the 
blue acanthus leaf, microsamples A1 and A2; a green leaf, 
microsamples C1, C2 and C3; and, the red flower bud, 
microsamples B1 and B2, Table 2.

The areas analysed on folio 91, blue flower, and folio 
25, window, showed differences in the degree of degrada-
tion, being less extensive in the case of folio 25, Fig. 3 and 
Table 2.

Microsamples preparation
The seven microsamples from the silver paint areas of the 
folio 73, with circa 100  µm in diameter, were collected 
with the help of a microchisel and a tungsten needle, 
under a Leica KL 1500 LCD microscope.

Three different sample preparation methods were 
designed to enable the analysis of the fragile and 
degraded stratigraphies by SEM–EDS, Table 2.

We tested the possibility of two different tapes to hold 
in an upright position the microsamples: a carbon con-
ductive tape (sample A1 and A2); and a polypropylene 
tape with poly(2-ethylhexyl acrylate) adhesive (TF500 
 Fluxana®) (microsample B1 and B2). This method did not 
ensure the correct stratigraphic positioning of the micro-
samples, being difficult to guarantee that only the desired 
layer is excited.

The second method tested included the mounting of 
three microsamples between two films of polypropyl-
ene  (Ultralene®), which were glued to an opening of an 
eppendorf tube (microsamples C1, C2 and C3). Although 

commonly used for synchrotron analysis, this method 
showed to be unsuccessful under SEM–EDS, since the 
material totally absorbs the excitation beam.

The third method tested was the embedment of a 
microsample cross-section in acrylic resin (micro sample 
A1 that was removed from the carbon tape). The micro-
sample laid on a glass slide was embedded in a drop of 
acrylic resin,  Technovit® 2000 LC, and polymerized with 
blue light for 3  min. After cured, the sample was fixed 
with  Technovit® 2000 LC fixing paste within a Teflon 
mounting mould with the stratigraphy facing upwards. 
The mould was filled with more acrylic resin which cured 
for 15  min. Finally, the cross-section was revealed by 
dry polishing with  micromesh® abrasive cloths (granu-
lometry 600 and 8000). This method enabled the multi-
layer analysis of the microsample. The composition of the 
 micromesh® 8000 grit (aluminium oxide) was taken into 
account when interpreting the analytical results.

Analysis by SEM–EDS of the silver paint in the blue 
acanthus leaf and its stratigraphy
The colour studied in cross-section by SEM–EDS (micro-
sample A1) was used in a blue vegetable decoration at the 
margin of the folio 73, on an acanthus leaf, over which 
silver was applied; the vegetable leaf was outlined with a 
pink lake, Fig. 3. It is important to note that, this is the 
only case study in which silver is applied over the pig-
ments; in the other cases, colours are applied over silver. 
In Fig. 4a–c and Table 3, we summarize the main results 
obtained by SEM–EDS analyses, which were confirmed 
by molecular spectroscopies, Fig. 5a–d. In summary, four 
layers were detected: over a gypsum based ground, an 
azurite paint was applied; in this microsample, the brazil-
wood lake outline is found over the azurite layer and, on 
top of both, azurite and pigment lake, a very thin silver 
leaf was applied.

Table 2 Analytical techniques used in the study of the silver paints found in Ms cofre no31 

a Not conclusive

Analysed area μ-EDXRF µ-Raman µ-FTIR SEM–EDS (carbon 
tape)

SEM–EDS (TF500 
 Fluxana®)

SEM–EDS (cross-
section)

SEM–EDS 
 (Ultralene®)a

f.25 Window x x – – – – –

f.73 Blue acanthus leaf x x – A1 – A1 –

x x – A2 – – –

Green leaf – – – – – – C1

– – – – – – C2

– – – – – – C3

Red flower bud x x x – B1 – –

x x x – B2 – –

f.91 Blue flower x x – – – – –
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SEM–EDS analysis seem to indicate that the first 
layer, the ground, is mainly composed of gypsum 
matrix  (CaSO4·2H2O); and of dispersed lead white 
 (2PbCO3·Pb(OH)2) hexagonal particles, arranged in 
lamellar form, Table 3. We could not disclose if the lead 
white was admixed to the ground or if it was used as an 
underdrawing, like an imprimitura of the ground.

Over this first layer, a blue colour is applied com-
posed of particles circa 4 µm in size with rough appear-
ance and rounded shape; around these, crystals circa 
20  µm in size with a smooth surface are present; we 
propose that the smaller particles are calcium car-
bonate  (CaCO3), being the smoothed crystals copper 

carbonate  (2CuCO3·Cu(OH)2); although we cannot 
exclude the presence of copper oxide (CuO). Associated 
with these copper based compounds, SEM–EDS shows a 
very thin layer with the presence of aluminium and sili-
cium, which we propose to be a thin layer of lapis lazuli 
 (Na8[Al6Si6O24]Sn) applied over azurite. This assump-
tion was confirmed by the molecular characterization 
of this layer performed with Raman microscopy. Based 
on the analysis made in illuminations from this book of 
hours [12], we verified that the lapis lazuli was applied 
over azurite in vestments of important figures, like the 
robe of the Virgin (f. 25), in the sky and vestment of King 
David (f. 73) and decorated elements, such as flowers and 

Fig. 4 (left) SEM and (top right) microscope images of the microsample from the blue acanthus leaf (bottom right). Schematic depiction of its 
stratigraphy: layer 1 (gypsum ground); layer 2: calcium carbonate as filler (2a) is admixed with azurite (2b) for the blue colour; layer 3 brazilwood lake 
outline; layer 4 silver leaf

Table 3 Summary of the results of the stratigraphy of microsample A1 based on SEM–EDS and molecular spectroscopies, 
for more details please see text

* Elements C and O are always present in EDS spectra

A1 Layer 1 Layer 2 Layer 3 Layer 4

Ground Blue colour (filler and azurite) Pink colour Silver

SEM image

EDS results* Ca, S (gypsum)
Pb (lead white)
Ag (silver leaf )

Ca (Chalk)
Cu (azurite)

Ca, K, S (pink pigment lake)
Al, Si (lapis lazuli)
Ag (silver leaf )
Cu (azurite)
Pb (lead white)

Ag, S  (Ag2S)
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leaves (ff. 25, 73 and 91) (Fig. 5a). In turn, other decora-
tions as initials, flowers, line fillers and clothes of minor 
figures were only obtained with the application of azurite, 
Fig. 5b. This blue colour construction was also observed 
in other books of hours analysis studied [4].

In the pink pigment lake, depicted in layer 3, Table 3, 
potassium and sulphur were identified by SEM–EDS 
analysis, which could be associated to the additives of 
the organic pigment. Calcium carbonate and gypsum in 
a mixed proteinaceous & polysaccharide tempera were 
confirmed by infrared spectroscopy in a carmin motif 
in this book, Fig. 5c. This pink pigment lake was applied 
in backgrounds, clothes, flowers and line-fillers, as an 
opaque light pink or a translucent carmine. In these 
cases, the pink pigment was characterised by micro-
spectrofluorimetry as a brazilwood lake, and a very good 
match was obtained with the historical reconstructions 
from recipes 9 and 27 from The book how to make col-
ours [53]. The excitation (560 nm) and emission (590 nm) 
maxima correlate well with the excitation (555 nm) and 
emission (590–600 nm) maxima representative of brazil-
wood lake reconstructions, Fig. 5d.

In layer 4, silver is applied as a leaf with ca. 250  nm 
thickness, which may have lost thickness from the origin  
due to the formation of silver sulphide, Table  3. (see 
Additional file  1). SEM–EDS analysis show a greyish 
wrinkled surface, with the presence of S and Ag, which 
indicates that the surface is degraded and possibly con-
verted into silver sulphide  (Ag2S).1 The silver surface 
morphology shows a groove and filament pattern that 
may have resulted from the solubility of a precursor of 
silver sulphide (e.g., silver oxide).

Concerning the paint binder’s distribution, SEM–EDS 
analysis in different layers, suggests that the two bind-
ers, polysaccharide and proteinaceous, may have been 
applied as mixture and not separately as binder and 
varnish.

Fig. 5 Molecular identification of the blue acanthus leaf. The blue colour is obtained layering lapis lazuli (a) over azurite (b). The pink outline (c) 
is made with chalk (filled circle), gypsum (filled triangle), protein (filled star) and polysaccharide binder (filled square). The emission and excitation 
spectra (d) (black line) matches those of recipes 9 and 27 for brazilwood lake pigment from The book how to make colours (gray and dashed lines) 
[53]

1 When exposed to the excitation beam, the silver sulphide was converted 
into metallic silver and, with continuous irradiation, the silver surface disap-
pears, leaving the layer beneath exposed. This is the reason why in the SEM 
images we see small white/bright points distributed over the oxidized grey 
layer.
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Analysis by SEM–EDS of the silver grounds from the red 
flower bud
The second case study was focused on the ground used 
to create the flower bud in folio 73 (microsamples B1 and 
B2). In Fig. 3, we reconstruct it, step by step. A silver leaf 
is applied over the ground; then, it is minium, the name 
of a medieval pigment is applied to depict the petals of 

the bud and malachite to depict the stem; finally, a pink 
pigment lake is applied in the final details and to outline 
the flower. Infrared spectrum shows that the ground is 
made of chalk, major compound, gypsum and a polysac-
charide binder, Fig. 6a–c. Due to the severe silver degra-
dation, it was difficult to conclude, by SEM–EDS analysis, 
if a thin layer of gypsum was applied over the chalk or if 

Fig. 6 SEM images of the microsamples (backgrounds were removed) from the red flower bud in folio 73: B1 and B2 and its schematic depiction: 
in black is silver and in gray is the ground composed by chalk and gypsum. Infrared spectra, bottom left, from the ground displaying chalk (filled 
circle), gypsum (filled triangle) and a polysaccharide binder (filled square) compared with a reference proteinaceous (filled star) paint: 90% chalk: 
10% gypsum. Bottom right, egg white and gum arabic references
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they were applied as a mixture. To quantify the amount 
of chalk and gypsum present, mock-ups of both com-
pounds in several ratios were prepared, ranging from 
90:10 to 10:90, applied as collagen paints or prepared as 
KBr pellets. Based on the infrared analysis, we proposed 
that the ground is composed by circa 90% chalk and 10% 
gypsum, Fig.  6c. A more accurate quantification of the 
ground, concerning the SEM–EDS data, is in progress.

Analysis in situ by μ-EDXRF, μ-Raman and optical 
microscopy of the silver paint in the window and blue 
flower
The silver paints construction of the window on folio 25 
and flower at the margin on folio 91, Fig. 7a–c, is based 
on XRF, Raman analysis and Leica KL 1500 LCD micro-
scope observation.

In Fig.  3 we propose the stratigraphies for the differ-
ent applications of silver paints found in Ms Cofre no31; 
based on a microscopic observation, we suggest that to 
create the effect of light in the window, silver leaf was 
applied over the parchment support without ground, as 
verified by the gaps of the metallic leaf; then, the cames 
of the window were constructed with a black pigment, 
which was not possible to identify by μ-Raman, since 
indigo was applied over it, Figs. 3 and 7c.

For the flower of folio 91, Fig. 3, we propose that: firstly, 
gold was applied over the parchment support without 
ground, except in the centre of the flower; then, silver leaf 
was applied over the gold, leaving the centre of the flower 
discovered; and secondly, lapis lazuli was used to draw 
the petals of the flower outlines and then applied to shade 
the silver surface, Fig. 8a–c.

Conclusions
In this work, we proved that it is possible, using in  situ 
examination (microscope) and analytical methods 
(μ-EDXRF and μ-Raman) to disclose the complete stra-
tigraphy of silver based paints in medieval illuminations. 
The case studies selected covered different typologies, 
ranging from silver applied directly on the parchment, 
over a gypsum and/or calcium carbonate ground or over 
paint layers; silver could be the final or the background 
layer over which pigments were applied. We also proved 
that our designed microsample preparation enabled a 
more accurate analysis and, consequently, a better under-
standing of the stratigraphy of the silver application.

In three of the four typologies studied, the silver leaf 
was severely degraded, having lost completely its metal 
brightness and appearing as a blackish fuzzy shape. 
SEM–EDS technique indicates that in the interface with 
air,  Ag2S is formed; it also proved that this surface looks 
lixiviated, possibly as a result of a soluble salt dissolution, 
which could not be  Ag2S (an extremely insoluble salt). 

Knowing from literature that the first intermediate corro-
sion compound is  Ag2O [41], it is possible that this inter-
mediate, before being converted into  Ag2S, may spread 
over the surface. Thus, the blackish colour occupies the 
larger area with the fuzzy contour described above.

Fig. 7 a Detail of the window in folio 25. b XRF spectrum from the 
silver leaf applied on the window. c Raman spectrum from the blue 
colour applied as a glaze over the silver (black line) and an indigo 
reference (gray line)
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It was also proved that the degradation products 
may only be detected in microsamples, both by Raman 
microscopy and with SEM–EDS analysis. Sample prepa-
ration was extremely challenging due to their very small 
size, circa of 100  µm. Best results were obtained with 
SEM–EDS, namely when the microsample was embed-
ded in an acrylic resin, Fig.  4. However, it was not pos-
sible to study the degradation products formed at the 
several layer interfaces and consequently to assess the pig-
ment/binder effects on silver degradation since oxidized 
forms of silver were converted into metallic silver under 
the beam exposure. Thus, it was not possible to acquire 
the signal for longer times and in small areas. We could 
also observe sublimation of metallic silver or/and of the 
products formed by the beam. So, other analytical tech-
niques with the high spatial resolution provided by SEM, 
or higher, must be envisaged to study the degradation 
mechanism of silver based paints, concerning the inter-
face layers, in medieval illuminations. Synchrotron based 
techniques will be considered for future work as has been 
carried out by Salvadó’s team [54, 55]. Knowing that, it 
is possible that in the literature it was possible to detect 

silver degradation compounds in ageing studies [56], we 
will further pursue studies based on Raman microscopy.

On the other hand, we could observe that the only sil-
ver paint in good conservation condition was the one 
applied to create the effect of light in a glass window, in 
which no ground was used and in which the overpaints 
are reduced to the draw of the cames and indigo applied 
over it as a glaze. Based on these preliminary results, in 
the future, we believe it will be important to discuss the 
effect of the ground on silver degradation, by analysing 
the influence of binders and pigments individually on 
model systems.

We consider that one of the major contributions of this 
work is that it shows that the simple model depicted in 
Eq.  1 for silver oxidation does not allow to understand 
the complex phenomena that intervene in silver paints 
degradation in medieval illuminations. It is important 
to bear in mind that the first reactive intermediate to be 
formed is the silver oxide, a relative soluble compound 
when compared with silver sulphide, this latter is the ulti-
mate degradation product.

This also impacts how we envisage the effect of sil-
ver degradation in the other paint colours. Importantly, 

Fig. 8 a Detail of the flower in folio 91 and highlight of the blue outline. b XRF spectrum from the silver leaf. c Raman spectrum of the lapis lazuli 
outline
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the use of SEM–EDS technique allows proposing that 
the spreading of the black corrosion product is a con-
sequence of lixiviation of soluble intermediates formed 
during silver oxidation, Table 3, layer 4.

Considering silver sulphide  (Ag2S) is formed at the 
expenses of silver oxide  (Ag2O), in an environment in 
which  S2− species are present, it is understandable how 
the binding of the book can minimize the entry of humid-
ity and air pollutants into the textblock, thus constituting 
a primordial and essential line of defence. This is also in 
accordance with the first results of the conservation sur-
vey that is being done on the books of hours kept in Por-
tuguese institutions, where was observed that the books 
keeping early bindings are the ones where illumination, 
namely silver paint, reveals less degradation.

The information collected and critically analysed in this 
work will contribute to a better understanding of the sil-
ver application and will prepare the ground for the devel-
opment of methods for the stabilization and conservation 
of these illuminations.

Additional file

Additional file 1. SEM image with the thickness of the silver leaf.
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