
HAL Id: hal-04238896
https://hal.science/hal-04238896

Submitted on 12 Oct 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Alteration of medieval stained glass windows in
atmospheric medium: review and simplified alteration

model
Aurélie Verney-Carron, Loryelle Sessegolo, Anne Chabas, Tiziana Lombardo,

Stéphanie Rossano, Anne Perez, Valentina Valbi, Chloé Boutillez, Camille
Muller, Cyril Vaulot, et al.

To cite this version:
Aurélie Verney-Carron, Loryelle Sessegolo, Anne Chabas, Tiziana Lombardo, Stéphanie Rossano, et
al.. Alteration of medieval stained glass windows in atmospheric medium: review and simplified
alteration model. npj Materials Degradation, 2023, 7 (1), pp.49. �10.1038/s41529-023-00367-0�. �hal-
04238896�

https://hal.science/hal-04238896
https://hal.archives-ouvertes.fr


REVIEW ARTICLE OPEN

Alteration of medieval stained glass windows in atmospheric
medium: review and simplified alteration model
Aurélie Verney-Carron1✉, Loryelle Sessegolo1, Anne Chabas1, Tiziana Lombardo2, Stéphanie Rossano3, Anne Perez3, Valentina Valbi 3,
Chloé Boutillez3, Camille Muller3, Cyril Vaulot4,5, Barbara Trichereau 6,7 and Claudine Loisel6,7

Stained glass windows are a precious heritage to pass on to future generations. However, medieval stained glass windows are
particularly altered due to their chemical composition and the effects of climatic (mainly water and temperature), environmental
(pollution) and biological factors. In this review, we present the alteration patterns observed on ancient Si-K-Ca stained glass
windows. To better understand their formation mechanisms and determine the alteration rates, different exposure campaigns to
the current atmosphere in a position sheltered from rain or not and laboratory experiments in aqueous medium or in gaseous
phase have been conducted. Either model glass or ancient stained glass windows were studied. Isotopic tracers (D, 18O, 29Si) have
been used as they constitute a powerful tool to elucidate the involved processes and to measure their kinetics. Thanks to all of
these data, an alteration scenario of medieval stained glass alteration is proposed. Besides, the extrapolation of kinetic data based
on several hypotheses over seven centuries gives very consistent results compared to the ancient stained glass samples.
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INTRODUCTION
The majority of stained glass windows were produced during the
Middle Ages as ornament of religious buildings, especially in
Europe. Archeological excavations attest to the first evidence of
glass pieces held together by leads as early as the fourth–fifth
centuries. However, the stained glass really develops in the twelfth
century thanks to the orders of daring ecclesiastics and then in the
thirteenth century when its installation becomes generalized.
The stained glass windows transmit the light through glass

pieces that can be transparent or translucent, raw, colored in the
mass through the addition of chromophore elements such as Cu,
Fe, Mn, Co, etc.1–6, flashed (red glass) or decorated on the surface
(with grisaille, yellow stain, enamels, engravings or cold paint).
Grisaille, an opaque glass paint, was widely used in the thirteenth
century too. It consists of a colorant (usually Cu and/or Fe oxides),
a flux (usually leaded glass) and a binder (e.g. vinegar, gum arabic).
In France, yellow stain, obtained with silver salt mixed with a
binder, appeared at the beginning of the fourteenth century7.
Many glass pieces (between 2 and 4mm thick) are mounted side
by side and are held together by a lead came, constituting a panel.
The panel is then fixed and strengthened by an ironwork (saddle-
bars sealed in the masonry, lug bars, cover plates, wedges)8.
This heritage has survived the centuries, exposed to the

atmosphere, weathering agents, microorganisms and anthropic
activity (pollution and degradation). Many factors can influence
the alteration, such as rain quantity, composition and pH,
temperature, wind, relative humidity, gas concentration (SO2,
NO2, O3, CO2, etc.) and particulate matter in the atmosphere or
different microorganisms (bacteria, lichens, algae, fungi, etc.). The
combination of these altering factors and the low durability of
these glasses (induced by their composition) cause significant
modifications of physical and chemical properties on their surface.

This leads to the formation of an altered layer and of secondary
products. A great diversity of alteration patterns and intensities
can be observed. This can be explained both by variable glass
chemical compositions and by the environmental parameters that
are constantly changing, both outdoors and indoors (e.g. Camuffo
et al.9), in time and in space. The progression of the alteration
modifies, among other things, the optical and esthetic properties
of the material.
The techniques and ethics of restoring these pieces have

evolved over time toward more and more caution and respect,
with gentle methods and constant monitoring of the actions
taken. At the same time, conserving the windows requires regular
monitoring and overall cleaning interventions aimed at maintain-
ing the glass on a condition judged suitable: removal of deposits
and dust with chemical (solvent applied with poultice or gel) or
mechanical (soft brush, scalpel, glass fiber) methods; biocide
treatments before intervention)8. More recently, cleaning proto-
cols with femto-second pulsed lasers showed relevant results10.
Another current technique developed for prevention and
conservation is the installation of protective glazing11–13.
Nevertheless, the deterioration of stained glass occurs. The

knowledge of the physical, chemical and biological mechanisms
of alteration according to the different environmental parameters,
independent and coupled, as well as the associated kinetics, are
key to anticipate their alteration. Besides, glass alteration under-
standing is an issue whose scope goes beyond that of heritage
and the conservation of works of art such as stained glass
windows. Developing predictive models is also important in the
case of nuclear glasses used to store moderately and highly
radioactive waste as they have to be durable for thousands of
years14,15 and in the case of basaltic glass and their implications
on biogeochemical cycles (e.g. Prause et al.16).
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In order to better preserve and restore stained glass windows,
that are a precious heritage to pass on to future generations, it is
therefore important to know the morphology of the alterations, to
understand the mechanisms involved and to determine the
kinetics of these mechanisms as a function of glass composition
and environment. The objective is to develop models that are able
to account for the alteration history and to predict the alteration in
the future (in the context of the climate change or the evolution of
pollution). This is the purpose of this review. Thus, in this paper,
we first present the range of chemical composition of medieval
stained glass windows studied for their alteration, then we
describe the general phenomenology of stained glass alteration,
the involved mechanisms and the main factors that control the
kinetics. Thanks to this synthesis of previous works, their alteration
history through centuries was reconstructed.

THE MEDIEVAL GLASS COMPOSITION
The medieval stained glass composition is highly variable as it has
evolved through time17–22, it depends from the geographical zone
and from the raw materials23. Medieval glasses are most often
K-rich due to their recipe, except for some Na-rich glass produced
with different raw materials or ancient glass (e.g., Chartres blue24).
At that time, glass was elaborated in forests where the glass-
makers found sand, wood, plants whose calcination brings the
main modifier elements (K, Ca) and minerals rich in metallic oxides
for the coloring. Thereafter, the stained glasses adopt mostly a
sodic composition. Adlington et al.23 have compiled 1329 analyses
of major elements in glass dating from the twelfth to the fifteenth
centuries to discriminate three regional composition types
(northwestern France, around Rhine and Central Europa). They
are particularly distinguished by their content in Mg (inversely
correlated to Ca) and in P.
Table 1 lists the composition of Si-K-Ca stained glass windows

whose alteration was reported in the literature. The SiO2 content
varies between 40 and 62 wt% (50 ± 5 wt% in average). The
content of other oxides is: between 0.6 and 4.2 wt% for Al2O3

(1.8 ± 0.7 wt% on average), 4.6 and 26.1 wt% for K2O (17.6 ± 4.6 wt%
on average), 10.4 and 29.2 wt% for CaO (17.8 ± 4.0 wt% on
average), 1.5 and 10.4 wt% for MgO (4.5 ± 1.6 wt% on average), 0.1
and 4.6 wt% for Na2O (1.0 ± 0.9 wt% on average). The concentra-
tions in MnO, P2O5, FeO or Fe2O3, TiO2 are also variable.
Manganese, when MnO is higher than 1–2 wt%, is assumed to
be intentionally added as a coloring (or decoloring) agent2,21,25–27,
whereas phosphorus is mainly provided by ashes, iron by plant
ashes and titanium by sand21,28. The concentration of elements
(e.g. cobalt or copper) used for the coloration of glass is obviously
dependent of the glass piece.
However, because of the poor silica content and the high

content in modifiers, these Si-K-Ca glasses are low durable and
highly sensitive to weathering29–31.

ALTERATION PHENOMENOLOGY OF ANCIENT STAINED GLASS
WINDOWS
In this section, we will focus only on the alteration of glass itself.
The degradation of grisaille is specific32,33 and is out of the scope
of this review.

Alteration layer morphology
Stained glass windows on monuments can sometimes appear
blackened, opaque and tarnished (Fig. 1). Indeed, atmospheric
conditions cause the development of an alteration layer whose
morphology and composition differ as a function of alteration
conditions.
Many studies have characterized the altered layers of stained

glass windows dating back to the Middle-Ages (see Table 2). The

altered layer is generally amorphous, rich in Si, Al and Fe and
depleted in Ca, Mg, Na and K. Local enrichments in Pb, Mn and Zn
are often detected.
The morphology is very heterogeneous. Different states of

alteration are observed: no or little alteration (with a slight
dealkalization), isolated pits of variable size that lead to craters
(Fig. 1a, c, e) or a continuous alteration layer with perpendicular
cracks that can penetrate deep into the pristine glass and create
some digitations (Fig. 1b, d, f). The glass surface can also be
colonized by microorganisms (Fig. 1h). Beyond the specific
patterns that they can induce, they can be visible in the case of
lichens, algae, etc. or if they form biofilms of significant thickness
(up to 150 μm)34,35. The differences in alteration stages (from
isolated pits to their coalescence, which forms a uniform layer) can
be explained by the alteration time, the environmental conditions
(more or less sheltered exposure, climate, pollution) and glass
chemical composition. In general, discontinuous pits are rather
observed indoor or outdoor in sheltered position from rain.
Craters and continuous altered layers are observed in outdoor
environment. These differences seem to confirm that these
patterns are due to different conditions of water exposure.
In the case of pits, the alteration progresses in a radial way while

in the case of a continuous layer, the front advances parallel to the
initial surface. A study of Sessegolo et al.36 focused on the impact
of initial surface defects on the medieval-type glass alteration (in
aqueous medium). The authors have altered medieval-type model
glass (SG3, see composition in Table 3) coupons with three
different roughness levels (polished at different initial grades) for
6 months in pure water at 30 °C. The initial surface defects have a
high impact on the alteration morphology. For smooth samples
(initially polished down to the quarter of micron), the altered layer
has a constant thickness with an alteration front parallel to the
initial surface. The alteration layer is composed of different sub-
layers that can peel-off over time (similarly to what was observed
by Gentaz et al.37). On the contrary, rougher samples have a
heterogeneous altered layer. Defect surfaces are amplified by the
alteration that favors local saturation and phase precipitation
inside them. The initial defects can therefore influence the
alteration layer morphology.
Several authors have also observed laminations within the

altered layers of stained glass38,39, as in the case of ancient
immersed glasses40–42, buried archeological glasses24,43–55, basal-
tic glasses56, and nuclear glasses under certain conditions57.
In addition, the cycles of humidification/drying cause the

appearance of mechanical stresses in the layer leading to its
cracking, or even loss of material over time. The cracks and loss of
material can give direct access to water to the pristine glass which
is no longer protected37. It is also commonly observed that
secondary phases precipitate within the crack network of the
alteration layer37. These phases induce strong mechanical stresses
as they can be hygroscopic (absorption of water that changes
their properties) or deliquescent (if they become liquid). Thus their
state change with variations in relative humidity or in case of rain.
They can also be a cause of loss of material from the altered layer
over time.

Alteration thickness
Table 2 shows that the altered thickness of stained glass windows
dating from the Middle Ages (thirteenth–fourteenth centuries) can
vary from values close to 0 (when alteration is in the form of pits
with almost pristine areas between them) until about 300 μm in
atmospheric medium (and even 1 to 3mm in extreme cases).
Some buried glass samples also display a layer up to a millimeter
thick24. The apparent alteration rate (corresponding to the
measured alteration thickness divided by the sample age) varies
between 0.08 and 1.6 μm year−1 for stained glasses buried in soils

A. Verney-Carron et al.
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and mainly between 0.06 and 0.34 μm year−1 when altered in
atmosphere.

Secondary phases and deposits
Secondary phases such as salts are present on the surface or
within cracks. Thus, the altered layer sometimes appears to be
covered by a network of cracks filled with secondary phases,
which can lead to the detachment of scales. During alteration,
the released elements can react with elements from the
environment, notably with SO2 and CO2 dissolved in the water
or oxalates produced by microorganisms, to form mainly
sulfates (e.g. gypsum, syngenite), carbonates (calcite) and
oxalates (weddellite) (Table 2)24,29,58. Phosphates (brushite) can
also be formed if the glass is rich in P59. Other components can
deposit on the surface of the glasses (particulate matter such as
soot, marine aerosols (e.g. NaCl), mineral dust, metallic
fragments, pollens, etc.).
Exposure campaigns of model glasses over varying times in

different environments show that the secondary phases are similar
to those observed on ancient stained glass (mainly gypsum and
syngenite) (see Tables 2 and 4).

The browning phenomenon of Mn glass
Some stained glass pieces present a severe change of their
original color causing a loss of transparency and legibility of the
artwork (e.g. Fig. 1g). Different kinds of physico-chemical
processes can lead to a darkening of the surface of the stained
glass: enrichments in Pb and Zn60, presence of oxalates and
melanin of biological origin61 and presence of Mn-rich phases62.
The browning phenomenon, strictly speaking, is associated with
these Mn-enrichments observed in stained glass windows
exposed to the atmosphere62,63 and in archeological stained
glass44,45,64,65. This phenomenon is characterized by brown
spots and affects in particular the Mn-bearing glasses. In the
case of atmospheric alteration, Mn originates from the glass,
while in archeological context, it may have an external source
(soil) and is usually associated with Ca, S, and P. Generally, Mn
concentrates as small nodules or more extensive patches in
fractures, craters, or near the surface62,63,65. The browning is
then explained by an oxidation of Mn(II)/Mn(III) present in the
glass introduced as a colorant or decolorizer2,6,21 to Mn(III)/
Mn(IV)61,63,64,66 favored in alkaline environment. However, the
determination of the valence and nature of the phases remains
analytically complicated, as the oxidation state of Mn and its
chemical environment can vary from sample to sample. In
addition, the Mn-rich phases are small, amorphous or poorly
crystallized and reactive25,62. Their precise identification remains
an important challenge, as it would help to find safe and
effective conservation-restoration treatments. The browning of
the medieval glasses is a very damaging pathology for which
there is a great expectation of solutions.

ALTERATION MECHANISMS
Reminder on glass alteration mechanisms
An extensive literature exists on glass alteration mechanisms22,67.
Briefly, hydration consists first in the diffusion of water molecules
or dissociated water molecules in the glass68–71. It depends on the
topological constraints of the glass72 and is associated to the
dissociation of water molecules73,74. Then, hydration can be
accompanied by the preferential release of modifier ions
(especially alkaline elements) in solution. This mechanism is
attributed to ion-exchange reactions (or interdiffusion) betweenTa
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hydrogenated species of the solution and alkaline elements of the
glass75:

� Si� O�Mþ Hþ !� Si� OHþMþð� represents the silica bondsÞ
(1)

� Si� O�Mþ H3O
þ !� Si� OHþMþ þ H2O (2)

� Si� O� Mþ þ H2O !� Si� O� Hþ þ MþOH� (3)

With M an alkaline element: Na, Li, K,…
The hydrogenated species that diffuse within the glass can vary

as a function of alteration conditions and glass composition69,76–78

and even of alteration depth79. Whatever the nature of the
exchanged hydrogenated species, the interdiffusion mechanism,
due to the consumption of protons or the creation of hydroxyls in
solution, causes an increase in pH and leads to the formation of a
hydrated and dealkalized layer.

The hydrolysis of the glass network affects the bridging bonds
(Si-O-Si, Si-O-Al, Si-O-Zr…) and attacks the silicate network:

� Si� O� Si � þH2O $ 2 � Si� OH (4)

The release of glass elements by these different mechanisms
can lead to the formation of alteration phases (alteration layer and
secondary phases).
In the literature, there is a strong debate on the altered layer

formation mechanisms in aqueous medium: either by interdiffu-
sion and local hydrolysis/condensation reactions or by coupled
interfacial dissolution–precipitation67,80–83. However, the involved
mechanisms greatly depend on glass composition and alteration
conditions.
In aqueous medium, the contribution of each mechanism

depends on the progress of the reaction (time, open or closed
system, glass surface/solution volume), on the solution composi-
tion, pH and temperature. In atmospheric medium, these

Fig. 1 Pictures of altered ancient stained glass windows. a, b are pictures of stained glass windows on their external faces coming from the
Basilica of Saint-Remi in Reims (Marne) and dating from the twelfth century. The width of the leads is 6 mm. c, d are images in optical
microscopy of Ou4, a stained glass window coming from the Abbey of Saint-Ouen in Rouen (Seine-Maritime) and dating from the fourteenth
century: internal face with craters (c) and external surface with an opaque crust (d). White scale bars correspond to 1mm. e, f are SEM
(scanning electron microscope) images of a crater observed on Ev1, a stained glass window coming from the Cathedral Notre-Dame of Evreux
(Eure) and dating from the fourteenth century (on internal face) (e) and of a more uniform altered layer with material loss of Ou4 (external
face) (f). White scale bars correspond to 100 μm. g is a picture of a stained glass dating from the fifteenth century and located in the Notre-
Dame Church of Les-Noës-Près-Troyes (Aube) that shows the opacification of the glasses owed to the oxidation of manganese. h is a picture of
a stained glass in Chartres (Eure-et-Loir), dating from the thirteenth century with the development of microorganisms on the surface.
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mechanisms have been less studied but they are similar to the
continuous aqueous medium84. However, due to the changing
conditions (rain events, T and relative humidity (RH) variations,
pollutants, etc.), the kinetics and the respective contribution of
each mechanism can vary22.
Mechanisms can be studied and better understood by

performing experiments in a real and monitored environment to
focus on the first steps of alteration or by conducting laboratory
experiments to control specific parameters. All these experiments
have allowed to explain different alteration patterns and
formation processes.

Properties of the alteration layer
Few studies have focused on the pore structure of the alteration
layers of stained glass windows and on their transport properties.
Sessegolo85 has performed gas adsorption measurements (see

details in Supplementary Note 1). The analyzed sample is an
ancient stained glass windows (fourteenth century) coming from
the church of Rouen (France), of a size about 6 × 4 × 3mm3. It is
altered on both the internal and external faces. The objective was
to characterize the porosity of the external alteration layer. As the
internal face was covered by pits and secondary phases, whose
porosity can be different, this face was covered with epoxy resin.

Moreover, two unaltered and polished (down to the quarter of
micron) sample references (blanks) were also analyzed (one
without preparation and one with a side covered with resin
similarly to the stained glass sample).
Figure 2 shows that the stained glass stands out the blank

samples with a significantly higher adsorption of N2 (1 cm3 g−1 at
standard temperature and pressure (STP) for the sample and
0.1–0.2 cm3 g−1 STP for the blanks). This difference is due to the
alteration layer developing a specific surface of 100–130m² g−1. This
wide range is due to the low value and the uncertainty about the
mass of the alteration layer (calculated from geometrical considera-
tions). This result is consistent with previous analyses from Sessegolo
et al.86. The isotherm of nitrogen adsorption does not present any
hysteresis, at the inverse of water adsorption86, meaning that there
is no capillary condensation in the mesopores. Therefore, the DFT
(density functional theory) method can be applied to determine the
pore distribution within the alteration layer.
Figure 3 clearly highlights the alteration of the stained glass

compared to the blank (unaltered glass). A hybrid treatment was
needed with a cylindrical geometry for the smallest pores (below
2 nm), whereas the majority of the porosity extends up to 15 nm
according to a slit-shape geometry. The complex organization
may suggest that the pore network evolves with initial cylindrical
micropores that are progressively extended (slit geometry) by the

Table 3. Chemical composition (in wt%) of model glass (of cited references).

References Name SiO2 Al2O3 K2O CaO MgO MnO Na2O Fe2O3/FeO
a P2O5 TiO2 others Total

37,98,102,125,126,178 Si-K-Ca 50 2 25 18 3 2 100.0
88 SG1 52 2.4 22.6 17.7 3.3 0.4 1.6 100.0
88 SG2 54.7 2.2 20.6 15.6 3.5 3.4 100.0
36,85,91,140 SG3 51.3 1.8 19.2 16.8 4 1 1.1 1.2 3.8 100.2
29,31,136,147 M1 or MI 48 1.5 25.5 15 3 3 4 100.0
31,131,136 M3 60 15 25 100.0
128,179 Ca-K 53.67 0.83 18.77 21.57 3.3 1.53 99.7
127 SC 53 1.7 18 15 5.8 1 1 4.4 99.9
127 TR 51 2.3 24 16 3 0.8 0.5 0.5 1.9 100.0
127 CLI 50.5 1.8 20.2 19 3.9 1.5 0.5 0.5 1.8 99.7
127 CLII 46 3.5 11 30 4 0.5 0.5 0.8 3.7 100.0
30 Potash-lime 60 15 25 100.0
100 KCS 46.2 3.6 21.9 20.5 2.9 0.8 3.3 0.1 99.3
180 KCV 57.14 4.16 17.56 16.64 1.96 0.1 0.12 1.76 0.06 0.48a 100.0
111,147 M1.0 54.2 28.8 17 100.0
148 Glass 2 48.4 2.5 10.6 30.3 3.2 1.1 0.5 3.4 100.0
148 Glass 3 47.2 2.4 16.3 26 3.2 1.1 0.5 3.3 100.0
148 Glass 4 46.1 2.3 21.7 21.9 3.1 1.1 0.5 3.3 100.0
131 M I53.1 53.1 1 18 17.8 5 3.2 1.9 100.0
131 M 2.0 57.1 22.5 20.4 100.0
65,132 VK 52.19 2.39 14.9 14.9 4.9 0.76 1.8 0.7 3.34 0.24 96.1
133 GIC1 46.1 1.6 13.9 18.8 7.4 1.7 3 7 99.5
134 4 47.33 3.34 18.81 22.65 3.22 1.02 0.7 0.06 2.87 100.0
135,139 BMG 51 20.4 28.6 100.0
137 Type 3 53.02 2.5 17.8 14.22 4.21 0.91 0.55 0.99 3.47 0.14 2.17b 100.0
138 V1 61.11 1.99 12.29 18.5 3.82 0.03 0.38 0.15 1.67 0.09 100.0
138 V2 57.07 1.38 16.74 18.64 3.57 0.02 0.67 0.22 1.62 0.06 100.0
138 V3 53.1 0.73 23.49 17.53 3.24 0.02 0.26 0.09 1.52 0.03 100.0
113 VM 51.5 1.8 18.3 17.3 4.3 2.0 1.2 3.2 99.6
113 VNM 52.4 1.9 18.8 17.6 4.3 1.2 3.4 99.6

aOthers are: SnO2, CuO, SO3, PbO.
bOthers are: PbO, Cl, SO3, CuO, ZnO, CoO, V2O3.
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alteration. In the case of the unaltered glass, a slitted-shaped
porosity is also observed. Its diffuse distribution and low intensity
can be caused by the resin deposit.
Thus, the distribution of pore size shows a preponderant

diameter of ~3 nm and a continuous decrease until 15 nm (Fig. 3).
This result is consistent with previous analyses86 that have
obtained an average pore radius of 2 nm on a stained-glass
window sample thanks to water adsorption isotherms (using a
device IGAsorp®). The apparent diffusion coefficient of H2O(g) in
the pore network was 7.8 × 10−7 m² s−186,87.

Alteration layer formation in aqueous medium
Verney-Carron et al.88 have performed experiments on medieval-
type model glasses (SG1 and SG2, see composition in Table 3)

altered under dynamic conditions at 30 °C and pH 8 and pH 9
using solutions enriched in 29Si (10 ppm). These conditions were
chosen to simulate the formation of an altered layer of stained
glass in contact with a residual water film, causing the pH to
increase as well as the concentration of silicon in solution. Silicon
isotopes were used to distinguish, within the weathering layer,
between atoms originating from the glass (mostly 28Si) and those
originating from the solution (29Si). The study of SIMS (secondary
ion mass spectrometry) profiles shows that in these conditions,
the mechanisms of formation of the altered layer are interdiffusion
followed by local hydrolysis/condensation reactions.

Alteration layer formation in unsaturated medium (water
vapor)
Apart from rain events, stained glass windows are altered by water
vapor. Asay and Kim89 have identified the structure of water
adsorbed at the surface of silicon oxide at room temperature.
Below 30% RH, a monolayer of water molecules is formed with an
icelike structure. Between 30 and 60% RH, the liquid water
thickness grows on top of the icelike structure. At RH higher than
60% RH, the thickness of the water film is significant and liquid
water dominates. In these conditions, after sorption (and potential
condensation at the surface or in pores), the alteration of glass by
hydration90 can occur.
Sessegolo et al.91 have exposed medieval-type model glass

(SG3, composition in Table 3) at different RH and temperatures
values (20, 40, 70 and 91% RH at 20 °C and 55, 76, 83 and 95% RH
at 50 °C) and durations (3 to 15 months). The alteration increases
significantly at 95 % RH at 50 °C compared to lower RH.
At 20 °C, Sessegolo et al.91 used water enriched with D and 18O

and at 50 °C only D. The comparison of the behavior of the
different isotopes highlights that H and O isotopes are not
correlated. From the SIMS profiles, it appears that D+ and H+

diffuse within the glass without O. The 18O is only enriched at the
extreme surface, which corresponds to the sorption and limited
diffusion of water molecules. Therefore, the alteration of the glass
seems mainly be governed by the hydration and the interdiffusion
in unsaturated medium, driven by the H diffusion inside the glass
matrix.

Table 4. Overview of the alterations (patterns and secondary phases) observed in exposure experiments of model glass in real atmosphere.

Reference Time (months) Alteration Phases Rate

Sheltered from rain
31 6–24 Deposits, irisations Syngenite, gypsum, sylvite N
128 3–12 Deposits Sulfates Y
127 4–12 Deposits, altered layer Syngenite, gypsum Y
29 6–12 Deposits, layer depleted in K Syngenite, gypsum, carbonates, nitrates Y
178 6 Deposits K-Ca sulfates N
125,126 0.5–12 Deposits, irisations Sulfates, nitrates Y
98 0.5–48 Deposits Syngenite, gypsum, K carbonate N

Unsheltered
31 6–24 Irisations, cracks, scales N
128 3–12 Altered layer Y
30 12–72 Altered layer Y
127 4–12 Irisations, cracks, scales Y
37,125,126 0.5–48 Loss of material, altered layer, irisations, cracks, scales, pits Y
180 10–20 Pits, irisations, deposits N
161 3–12 Pits, irisations, deposits N

Model glass samples are Si-K-Ca glass (see Table 3 for composition) or ancient stained glass windows that have been repolished. The glasses are sometimes
exposed with float glass for comparison. It is indicated if the alteration rate was measured (Y) or not (N).

Fig. 2 N2 adsorption isotherm on altered stained glass windows.
The experiment was carried out on Ou2, a stained glass window
coming from the Abbey of Saint-Ouen in Rouen and dating from the
fourteenth century. The reference sample is a pristine model glass
either covered by resin on one face, similarly to the internal face of
the stained glass sample or not.
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Sessegolo et al.86 have also performed experiments with
ancient stained glass samples (fourteenth century) exposed to
25 and 90% RH at 20 °C for 14 months. Vapor was enriched in 18O
and D to trace the circulation of water within the alteration layer
and the reaction sites during the new phase of alteration.
NanoSIMS mappings have shown D enrichments at the interface
between pristine and altered glass but no 18O enrichment. This
indicates that the pursuit of alteration involves H+ or D+ diffusion
(without O). This is consistent with the results obtained on the
medieval-type model glass of Sessegolo et al.91. Moreover, similar
results have been obtained in experiments with 18O and
D-enriched rainwater87.
Sessegolo et al.91 have also evidenced that the alteration

mechanism can change with temperature. At 20 °C, SEM observa-
tions and SIMS analyses highlighted that the modifying cations K,
Ca, Na and Mg are not leached during the alteration or only
slightly on the surface. Hydration appears to be the main
mechanism. The modifying elements remain within the altered
layer and can migrate to the surface. Over time, ion exchange
begins to appear. At 50 °C, the depletion of modifying cations is
more marked, which is also reflected by the presence of salts on
the surface (syngenite and Ca-carbonates). At this temperature,
interdiffusion is predominant. Other studies also observed mainly
hydration of glasses in unsaturated condition, including obsi-
dian92,93, mixed alkali glass94, and commercial borosilicate glass95.
Interdiffusion is observed for sodium glasses93,96,97. This behavior
can be explained by the solvation properties of the ions and their
mobility. The latter is low when the amount of water is low and it
can vary depending on the ion (especially between Na and K). It
would seem that hydration is favored for glasses poor in modifiers
(obsidian), rich in aluminum and potassium. But this question
would deserve to be dug.
Concerning the formation of pits, it seems that alteration is

initiated from a specific zone, which could be a surface defect
favoring the droplet condensation, microbubbles in the glass or
the deposition of a salt particle. This can create a local
environment. Gentaz et al.98 highlighted the role of salts that
form on the surface of glasses through experiments conducted on
medieval-type model glasses (Si-K-Ca, composition in Table 3). In
these experiments, different compounds (K2CO3, K2SO4 and
CaSO4) were deposited on glass surfaces, separately or together,
and glass samples were subjected to cycles of relative humidity
(between 33 and 97%) for 8 months. The presence of these salts

induces the local formation of saline solution above their
deliquescence point. This increases the contact with water,
changes the pH of the solution and can then promote the
dissolution of the glass. Moreover, the mixing of salts decreases
the deliquescence point of the whole99. Similarly, Palomar et al.100

performed weathering experiments on different glasses (including
a Si-K-Ca glass, KCS, composition in Table 3) under unsaturated
conditions in the presence of NaCl. The results were compared to
samples altered in real atmosphere at a site near the Spanish
coast. It was shown that NaCl has two effects. First, the crystals act
as condensation nuclei in high humidity environments. The
hydrated surface then favors the leaching of glass modifiers and
the solubilization of atmospheric gases (CO2, SO2), resulting in the
formation of various salts (sulfates, carbonates, chlorides). On the
other hand, the presence of Na+ ions can accelerate the alteration
because the replacement of SiOH groups by SiONa generates an
opening of the network. Palomar101 has also highlighted the
influence of glass composition (especially the Si content) on the
alteration morphology. Pits are preferentially observed on glass
with 60–65 wt% of SiO2, whereas continuous alteration layer are
visible on glass with 45–60 wt% of SiO2.
Thus, the mechanisms of stained glass alteration are rather well

understood. However, the wide range of chemical composition of
glass according to the production areas and periods, the
elaboration process (e.g. roughness, defects), as well as the
diversity of environments in terms of climate and atmospheric
composition induce variations in the observed patterns, from pits
to the thickest layers. Furthermore, many mechanisms occur
together and their respective contribution needs to be assessed.

Laminated alteration layers and scaling in atmospheric
environment
Lombardo et al.102 have studied the formation of laminae in the
alteration layers of ancient stained glass windows and model
glasses (composition in Table 3) exposed in real atmosphere for 3
years in unsheltered condition. On a fine scale, all the altered
layers are made up of thin laminae (between 20 and 50 nm) that
form blocks called laminations (of the order of μm) and marked by
chemical heterogeneities on a micrometer or even nanometer
scale (see an example on Fig. 1e). They also present a network of
perpendicular or secant and parallel cracks. The secant cracks
result from the humidity/drying cycles to which the glass is
subjected and allow the transport of water to the interface
between the altered glass and the pristine glass. Parallel cracks
sometimes mark the separation of laminations. Secondary phases,
such as sulfates, carbonates, phosphates and even silicates and
metal oxides, are present within the cracks. From these observa-
tions, a scenario of alteration could be proposed102. First,
interdiffusion leads to hydration and release of alkalis and alkaline
earth elements. Beyond a certain thickness, a discontinuity is
created, cracks appear favoring the transport of water, hydrolysis
and local reorganizations in the form of laminae, as well as the
precipitation of secondary phases from the elements of the glass
and the environment (dissolved gases). These processes weaken
the alteration layer and generate the propagation of new cracks
and the formation of new laminae of potentially different
orientation. Secondary phases will also precipitate in the voids
caused by the cracks depending on the local conditions.
Stained glass weathering layers are also characterized by the

presence of secondary phases, both on the surface and within the
layer itself and by the formation of scales. Gentaz et al.37 have
exposed model glasses (Si-K-Ca, composition in Table 3) and
pristine pieces of stained glass in urban atmosphere to rain over
durations up to 48 months and characterized the alteration layers
using profilometry and Raman spectroscopy. The alteration leads
to the formation of a gel that fractures with changing hygroscopic
conditions. Within the cracks that favor the access of water in

Fig. 3 Pore size (diameter in nm) distribution by surface area
using DFT method on Ou2. This stained glass window comes from
the Abbey of Saint-Ouen in Rouen and dates from the fourteenth
century. The reference sample is a pristine model glass with one face
covered by resin.
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depth, the solution chemically evolves. The increase of the pH
causes the dissolution of glass and the saturation of the solution
leads to the precipitation of secondary phases such as calcite. The
latter has a high crystallization pressure, which induces the
detachment of the scales delimited by the network of cracks. Each
scale has a thickness close to 4 μm.

BIOALTERATION AGENTS AND MECHANISMS
The presence of microorganisms (bacteria, fungi, algae, lichens) is
commonly detected on the surface of stained glass windows
(Fig. 1h). Stained glass may be a preferred habitat because its
surface can be rough at a micrometric scale and the temperature/
humidity conditions inside religious buildings are very compatible
with the growth of microbial communities. As they are a potential
source of nutrients (K, Ca, Mg, P, Fe, etc.), stained glass may also
represent good nutritive substrates. The use of specific elements
from the glass to sustain the development of microbial life makes
the microorganisms potential participants in the alteration of
stained glass, but their role is not completely clear and their
significant impact still not evidenced.
The evolution of techniques now allows to better identify the

microorganism species. Several approaches are possible: (1)
culture of in situ microbiological samples and analysis of
morphological, cultural (trophic type), metabolic, chemical char-
acteristics, weathering potential, etc. However, only a small
percentage (between 0.1 and 10%) of the microorganisms
sampled in situ is cultivable in vitro; (2) metagenomic approaches
(gene amplification, genomic probes, proteomics, sequencing)
directly on in situ microbiological samples. Fungi are the
predominant group present on stained glass35,103. It should be
noted that Aspergillus and Penicillium which are very often
identified34,38,104 are extremely common fungi. They grow on
decaying organic matter and are therefore very present in the
environment. Rodrigues et al.105 analyzed the DNA of fungi
collected from stained glass windows in Portugal and cultivated
and identified mainly Ascomycetes (with 5 genera Alternaria,
Chaetomium, Cladosporium, Didymella and Penicillium) and Basi-
diomycetes (of the genus Sistotrema). Piñar et al.106 also found
species of the genera Cladosporium and Phoma on stained glass
windows of churches in Catalonia. Corrêa Pinto et al.107 analyzed
Ascomycetes on modern stained glass in Brazil.
Bacteria are also observed on the surface of stained-glass

windows. Piñar et al.106 identified members of the phyla
Proteobacteria, Bacteroidetes, Firmicutes and Actinobacteria.
These bacteria are identical to those found on stone monuments.
Marvasi et al.108 characterized cultivable aerobic bacteria from a
stained-glass window in the cathedral of Florence. Sequence
analysis revealed the presence of the genera Bacillus, Paenibacillus
and Arthrobacter. Valbi et al.109 identified on different French
stained-glasses several bacterial genera having weathering
potential belonging to Agrobacterium, Sphingomonas, Acinetobac-
ter, Arthrobacter, Bacillus and Paenibacillus. The Arthrobacter genus
effect on glass alteration especially deserves further investigation.
The presence of some secondary phases can also be a tracer of

the presence of microorganisms. From δ13C analysis, Barbey
et al.63 suggested that 60% of carbonates had a biological origin.
Similarly, Ca oxalates (weddellite, whewellite) are frequently
observed on stained glass (see Table 2). They may be derived
from the transformation of calcite into oxalate by reaction with
oxalic acid secreted by microorganisms110.
The influence of microorganisms on the mechanisms and rates

of alteration is less clear. It is difficult to determine whether
microorganisms are present on altered glasses because they
represent a more favorable and protective environment (moisture,
trapping of particles and organic matter in the crusts)108 or
whether they contribute significantly to alteration. Moreover, it is
often tricky to discriminate between organic and inorganic

chemical contributions. As an example, crater formation (biopit-
ting) is very often attributed to microorganisms103, but craters can
also be formed abiotically36,111. In theory, microorganisms could
have different effects: to accelerate the alteration by secreting
different substances (organic acids, siderophores) and by forming
a biofilm (sometimes colored) that creates a localized microenvir-
onment and maintains a high humidity on the glass, to cause pH
changes, to lead to the formation of craters and to create stresses
or cracks (for filamentous organisms)34,103,106,112.
If it exists now very powerful molecular approaches to screen

the taxonomy and the diversity of the microbial population on
stained glass, the possibility of cultivating only a small fraction of
the living microorganisms limits the deep investigation of the
bioalteration processes in laboratory experiments. However, the
use of specific molecules that are known to be biologically
produced or the design of experiments with pure bacterial strains,
to target precise bacterial behavior, is a first lead to approach the
occurring mechanisms. Valbi et al.113 have performed abiotic
dissolution experiments of VM and VNM model glasses (composi-
tion in Table 3) with siderophores that are molecules specifically
secreted by some microorganisms to complex Fe and other
elements such as Mn. They demonstrated the ability of these
siderophores to increase the dissolution of the Mn-bearing model
stained glass (VM). Valbi et al.114 investigated the impact of
Pseudomonas putida, a pure strain known for its ability to oxidize
Mn, on the dissolution of the same model glasses. The addition of
glass in the nutritive medium increases the bacterial growth as it
provides nutrients. It can also trigger the production of side-
rophores if no iron is bioavailable. Moreover, the composition of
glass can modulate biofilm formation. The presence of bacteria
has no significant effect on the apparent glass dissolution rate, but
the biofilm might retain a significant part of the dissolved
elements, especially Si, Mn and P. In the future, further
experiments in the presence of microorganisms are necessary to
better understand the bioalteration processes caused by fungi and
bacteria105,107,115. A particular interest should be dedicated to
biofilms, as they develop at the interface between the glass
surface and water. They are shown to accumulate elements and to
represent very specific local reactive environments116.
The key role of microorganisms has also been postulated in the

browning phenomenon103,110,117 but is not elucidated. For that,
experiments have been carried out on model glasses in polluted
atmospheres or in the presence of fungi or bacteria. Within the
framework of the Franco-German research program for the
conservation of historical monuments, Krawczyk-Bärsch et al.66

observed significant Mn-enrichments in the alteration layer of Mn-
rich model glasses when these latter were aged in presence of SO2

and NO2 that are assumed to favor the oxidation of Mn. On the
opposite, lower Mn-enrichments are detected in the presence of
fungi and bacteria. A browning was also observed on model
glasses rich in Mn (1.5–2 wt% MnO) subjected to a polluted
atmosphere (5 ppm of NOx and SO2) at 85% RH without bacterial
intervention61. In other experiments glass samples have been
immersed in Mn-rich solutions111,118–120. The Mn is found in the
gel layer and in cracks and can form brown inclusions. Finally,
Valbi et al.114 experimentally formed brown Mn oxides (trapped in
a thick biofilm) at the surface of a Mn-bearing model stained glass
(VM), after only 7 days of incubation in a liquid culture of
Pseudomonas putida. If these results encourage further investiga-
tions of the implication of some microorganisms in the browning
pathology of stained glasses, there is still a long way to go in order
to get clear evidence of the microbial contribution. The
characterization of these brown phases and of their evolution
over large timescales coupled with more identification work of the
bacterial community living on stained glass surfaces and also the
effect of the composition of the glass substrates is at least
necessary to approach a conclusion.
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ALTERATION KINETICS
Reminder on glass alteration kinetics
When a glass is altered in aqueous medium and in static
condition, its alteration rate evolves over time and different
alteration rate regimes can be distinguished. They were mainly
described for the nuclear glass15. In the first stages of the
alteration, there is a competition between interdiffusion and
hydrolysis. This latter becomes predominant. The alteration is
therefore congruent and the release of glass elements evolves
linearly. Then, a drop in the alteration rate is observed that can be
explained thermodynamically (by chemical affinity) and by the
formation of a passivating altered layer. The residual rate
corresponds to a low, but not null, alteration rate. It is controlled
by the diffusion of elements through the gel layer and by the
precipitation of secondary phases that sustains the alteration. In
atmospheric medium, this evolution is less relevant as rains are
episodic and the hygroscopic conditions highly variable. However,
the initial dissolution rate can be measured in the laboratory to
assess the alteration caused by rainwater. Also, the diffusion
coefficients corresponding to the hydration or to the interdiffusion
in aqueous medium or in vapor phase can be determined as a
function of different environmental parameters. The alteration
kinetics are actually controlled by the glass composition and by
the environmental conditions.

Influence of glass composition
The terms “K-rich glass” or even “potassium-lime glass” or
“calcium-potassium glass” mask a wide range of composition
(Table 1) and therefore variations in terms of alteration rate.
Newton121 compared, for example, the degradation of a stained
glass window containing 49.5 wt% SiO2, 16.1% K2O, 15.6% CaO
from the twelfth century (highly altered) and that of a stained
glass window of the same age with 54.0% SiO2, 16.2% K2O, 13.2%
CaO (little altered). He explains this difference by the silica
content, but also by the Ca concentration which, if too high, can
make the glass unstable122,123. Palomar101 has cataloged a large
number of samples from the Cathedral of León in order to
correlate alteration and composition. Therefore, there would be a
lot of work to do to quantify the effect of the glass composition on
the alteration rates124.
This is especially true as the introduction of one element even

low-concentrated in the glass can have a significant impact on the
alteration rate. For example, Valbi et al.113 highlighted that only 1
or 2 MnO wt% was enough to reduce by half the dissolution rate
between two model glasses (VM and VNM) in water buffered
conditions. Moreover, the Mn-bearing glass (VM) was more
affected by the presence of metal-complexing molecules (such
as oxalates) in solution, showing the importance of these minor
elements in the silicate structure and their effect on dissolution
behavior.
Therefore, various experiments will be compared in the

following. But we have to keep in mind that the model glasses
used in these experiments can be different and induce variations
of alteration rate.

Kinetics determined from in situ exposures
The different experiments that have consisted in exposing Si-K-Ca
glass in real atmospheres have been summarized in Table 4.

Sheltered environment. In sheltered environment, most of the
experiments have only compared the nature of deposited or
neoformed phases at the surface of the glass. In only some
experiments29,125–127, apparent weathering rates, corresponding
to the K-depleted thickness divided by the exposure time (1 year)
have been measured (see values in Table 5 and glass composition
in Table 3). They are of the same order of magnitude (between 0.5

and 2.2 μm year−1) depending on the sites. For these studies, the
temporal evolution also shows that over a year, the alteration rate
is constant or tends to slow down slightly. These rate values
correspond to diffusion coefficients of the order of 10−20 m² s−1.
The chemical alteration of glass is therefore significant in sheltered
condition. The comparison of hydration between sheltered and
unsheltered conditions after 2 years of exposure shows that
hydration is only 2.5 times higher for unsheltered condition, which
highlights that the alteration caused by water vapor is not
negligible relative to rain event and has to be considered to
explain long-term alteration126.

Unsheltered environment. For samples exposed to rain, it is more
difficult to assess an alteration rate. Indeed, some authors give
alteration thickness values30,128 but the glasses could also have
undergone dissolution and loss of material. Therefore, the
apparent rates calculated from the thickness constitute the lower
values that can be under-estimated (Table 5). The alteration rate
varies between 0.4 and 5.4 μm year−1 depending on the
composition of the glass and the site. For the 20 sites of the
ICP-Materials program129, the thickness varies between 0.8 and
1.9 μm with an average value of 1.2 μm after 3 years30, which
corresponds to a rate of 0.3–0.6 μm year−1.
As previously said, the observed alteration thickness results

from diffusion kinetics but also from dissolution kinetics that can
induce loss of material. Gentaz125 measured mass losses over time
on exposed samples: 2 mg cm−2 after 1 year, 4.5 mg cm−2 after 2
years, 7–8mg cm−2 after 3 years and 9–11mg cm−2 after 4 years.
These values are consistent with the observation of the altered
layer very affected by the loss of scales whose thickness is about
18 μm after 24 months, 30 μm after 36 months and 42 μm after
48 months (considering a density of 2.5 g cm−3). It is thus tricky to
combine dissolution and interdiffusion rates to assess the loss of
material and the thickness of the altered layer130.

Kinetics determined from laboratory experiments
Aqueous medium. In the aqueous phase, experiments have often
aimed to simulate weathering phenomena under accelerated
conditions (cycles, high temperatures, acidic pH) to compare them
to atmospheric glasses131,132, buried in the soil133 or in the marine
environment134, from a phenomenological point of view (pits,
scales, secondary phases). In some cases, it was to determine the
influence of a parameter. Vilarigues and da Silva135 have for
example compared glasses altered in an agitated or non-agitated
environment from FTIR measurements. They highlighted a more
uniform morphology when the medium is stirred. De Bardi et al.136

studied the effect of different acids on 2 glasses of different
composition by IRRAS (infrared reflection absorption spectro-
scopy). Tournié et al.137 and De Ferri et al.138 determined the
influence of the glass composition on the observed patterns and
the nature of the secondary phases in H2SO4 at high temperature.
Other studies have focused on the migration of metal ions in
solution (Cu, Mn, Fe, Pb), potentially used as a dye or paint, within
the weathering layer111,139.
Experiments can also be performed to measure the weathering

kinetics of stained glass in aqueous media65,85,88,125. From a set of
experiments in diluted medium at different pH (between 2 and
11) and temperature (between 5 and 70 °C), Sessegolo et al.140

have determined an initial dissolution rate (r0) law for SG3
medieval-type model glass (composition in Table 3) following the
equation:

r0 ¼ k � Hþ½ �n � e�Ea
RT (5)

With k a rate constant (k= 5.0 ± 0.6 × 106 g m−2 day−1), n an
empirical pH-dependent coefficient (n= 0.056 ± 0.009), Ea the
activation energy (Ea= 39.7 ± 0.1 kJ mol−1), R the universal gas
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constant (R= 8.314 J mol−1 K−1) and T the temperature in K.
Classically, the initial dissolution rate law as a function of pH

follows a U-shape for many glasses141–145. Yet for Si-K-Ca stained
glass, the rate decreases slightly from acidic to basic pH. This
behavior was previously observed by Sterpenich65. It is also similar
to that of basic silicates (Schott et al.146 and references therein).
The dissolution of multi-oxide minerals and natural glasses
requires the breaking of different types of bonds involving
exchange reactions between protons and metals and occurring at
different rates as a function of their relative strength. Generally, at
acidic pH, the monovalent metal-oxygen bond is faster to break
than divalent, then trivalent and last Si-O bonds. For aluminosi-
licate glasses, the hydrolysis of Si-O bonds that completely
dissolves the glass network is thus preceded by the breaking of Al-
O bonds and this exchange reaction is rate-limiting. This leads to a
dependence on pH that is similar between the dissolution rate of
the glass and the solubility of Al oxides or hydroxides. For a glass
poor in Al and rich in Ca, and probably at high pH, the hydrolysis
of Si-bonds is preceded by the breaking of Ca-O bonds. As the
solubility of Ca and Mg hydroxides decreases with pH, the
dependence on pH of Si-K-Ca glass could have a similar trend.
Verney-Carron et al.88 have measured on relatively similar

model glass samples (SG1 and SG2, composition in Table 3)
dissolution rate values of 0.3–0.4 gm−2 day−1 at 30 °C and pH 9
and of ~0.6 g m−2 day−1at 30 °C and pH 8. The values deduced
from Eq. (5) at the same temperature are relatively close:
0.23 gm−2 day−1 at pH 9 and 0.26 gm−2 day−1 at pH 8.
Differences could be explained by small differences of composi-
tion. Gentaz125 have measured a value for Si-K-Ca glass
(composition in Table 3) of 0.45 gm−2 day−1 in ultrapure water
and at 20 °C. This is higher than the rate deduced from Eq. (5), i.e.
0.20 gm−2 day−1, but the composition of glass is also different
and less durable (Table 3). Values measured by Sterpenich65 for
VitK (composition in Table 3) are lower by a factor 2 to 25 probably
for the same reasons. This points the key role of the composition
that remains to be investigated more systematically.
The rate drop being partly controlled by the progressive

increase of the concentration of silicon in solution and the altered
layer being essentially composed of silica, the saturation indices of

the solution with respect to siliceous phases have been
calculated140. The dissolution rate drop can thus be described
by a chemical affinity term:

r ¼ r0 � 1� Q
K

� �
(6)

With Q the ion activity product (Q= (SiO2(aq))) and K the solubility
constant (of amorphous silica KSiO2ðamÞ).
The experiments of Sessegolo et al.140 have also allowed to

deduce diffusion coefficient for each experiment by using the
second Fick’s law:

e ¼ NLðKÞ
ρ

¼ 2

ffiffiffiffiffi
Dt
π

r
(7)

With NL(K) the normalized mass loss relative to potassium, ρ the
density of the glass (2.56 g cm−3 for SG3140) and t the time.
This has led to the implementation of a diffusion rate law as a

function of T and pH:

D ¼ D0 � Hþ½ �n0 � e�Ea0
RT (8)

With D0 an initial constant (D0= 2.4 ± 0.3 × 10−10 m² s−1), n’ an
empirical pH-dependent coefficient (n’= 0.25 ± 0.02) and Ea’ the
activation energy (Ea’= 34.5 ± 0.3 kJ mol−1).
During these experiments140, the weathering layers were also

characterized after 70 days. The results show that at pH higher
than 9, the dissolution is congruent, which can lead to the
formation of craters but no alteration layer is observable at the
SEM scale. For lower pH, the surface becomes rough and the
alteration layer is more or less continuous. The more acidic the pH,
the thicker the alteration layer. At pH 3, the alteration layer
appears very scaly and cracked. Overall, the analyses show that
the altered layer is very strongly depleted in K, while Ca remains
relatively present. Its retention may be caused by the formation of
several Ca-rich phases, such as hydroxylapatite and calcite.
Aluminum and iron are insoluble and are therefore retained.

Unsaturated medium. Several series of experiments were per-
formed in the laboratory in vapor phase to understand the role of

Table 5. Alteration rates measured in exposure experiments of model glass in real atmosphere in sheltered and unsheltered from rain conditions.

Reference Alteration thickness for different sites and exposure time Alteration rate*
(μm an−1)

D (m² s−1)

Sheltered from rain
127 Troyes: 0.2 μm at 4 months; 0.35 μm at 8 months; 0.5 μm at 12 months 0.5 0.6 × 10−20

Cologne: 0.55 μm at 4 months; 0.80 μm at 8 months; 0.90 μm at 12 months 0.9 2 × 10−20

29 Athens (7 racks): 0.33–0.98 μm at 6 months; 0.85–1.57 μm at 12 months 0.9–1.6 2–6 × 10−20

Krakow (7 racks): 1.13–1.83 μm at 6 months; 1.52–2.16 μm at 12 months 1.5–2.2 6–12 × 10−20

London (7 racks): 0.68–1.27 μm at 6 months; 0.99–1.57 μm at 12 months 1.0–1.6 2–6 × 10−20

Prague (7 racks): 0.49–0.96 μm at 6 months; 0.73–1.64 μm at 12 months 0.7–1.6 1–7 × 10−20

Roma (6 racks): 0.36–0.77 μm at 6 months; 0.39–1.09 μm at 12 months 0.4–1.1 0.4–3 × 10−20

Riga (2 racks): 0.89–1.06 μm at 6 months; 0.84–1.50 μm at 12 months 0.8–1.5 2–6 × 10−20

125 Paris: 0.05 μm at 1 months; 0.12 at 3 months; 0.31 at 4 months; 0.48 at 6 months; 0.59 at
8 months; 0.6 at 9 months; 0.7 at 12 months; 0.85 at 15 months; 1.2 at 36 months

0.7 1.2 × 10−20

Unsheltered
128 Paris: 1.4 μm at 6 months; 1.8 μm at 9 and 12 months 1.8–2.8
127 Saint-Urbain basilica (Troyes): 0.9 μm at 4 months; 2.0 μm at 8 months; 2.4 μm at 12 months 2.4–3.0

Sainte-Chapelle (Paris): 0.35 μm at 4 months; 0.4 μm at 8 and 12 months 0.4–1.1

Cologne Cathedral: 1.8 μm at 4 months; 2.4 μm at 8 months; 2.8 μm at 12 months 2.8–5.4

From measured thickness and alteration duration, two rate values were calculated: an apparent alteration rate* after 12 months (in μm year−1) and a diffusion
coefficient D (see Eq. (7)) at 12 months.
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climatic factors or gaseous and particulate pollutants or to study
the mechanisms and determine the rates (Table 6). The conditions
are rarely realistic. Gas-phase experiments show that weathering
increases with RH but is very low below 70%, suggesting the
existence of a threshold147. Alteration also increases with SO2

content147,148. Carbonates are formed at first and then sulfates.
The quantity of secondary phases increases in the presence of
dusts149.
Few studies have measured the diffusion rate as a function of

time, temperature and RH. Sessegolo et al.91 have performed
experiments at different RH values (between 20 and 95% RH), at
20 and 50 °C, with water vapor doped in D and in some cases in
18O and for 3 to 15 months. They reported that the hydration
thickness increases exponentially with time, similarly to Alloteau
et al.150 for historic glasses, whereas Cummings et al.96 for Si-Na-
Ca glass and Bouakkaz151 for nuclear glass observed a square-root
temporal evolution. This makes difficult the calculation of a
corresponding diffusion coefficient.
Different studies conducted on various glasses at different RH

values have found activation energies ranging between 34 and
138 kJ mol−192,93,95,152–155. However, these variations are sup-
posed to depend on the glass composition, RH and studied
species (H or O). Moreover, the change of the predominant
mechanism (hydration/interdiffusion) as a function of temperature
questions the relevance of the activation energy determination
from Arrhenius’ law91,150.
The evolution of the diffusion rate as a function of RH is also

variable. Several authors91,152,156 observed a linear evolution until
a threshold and then a sudden increase at high RH. However, for
Morija and Nogami154 and Cummings et al.96 the hydration rate
increases linearly from 5 to 100% RH.
More data are required to parameterize kinetic laws as a

function of temperature and relative humidity. Also, in the context
of stained glass alteration, the composition of the atmosphere has
to be considered.
Programs such as MultiAssess or ICP-Materials provide some

trends on the impact of the environment129,157. For example, after
3 years of exposure in unsheltered conditions in 24 different sites
(ICP-Materials program), the altered layer (depleted in K) of model
glasses close to medieval stained glass varies between 0.8 and
1.9 μm (i.e. a factor of 2.3) for very variable environments: average
temperatures ranging from −0.8 to 24.2 °C, average RH between
57.5 and 84.3%, cumulative precipitation over 3 years from 618 to
5032mm, SO2 contents between 0.2 and 35.2 μgm−3 and NO2

between 1.4 and 79.1 μgm−3)30. The highest thickness corre-
sponds to the wettest site. Similarly, during the MultiAssess
project, model glasses were exposed under sheltered conditions
for 1 year in 6 sites (Athens, Krakow, Rome, London, Prague,
Riga)29. Thicknesses ranged from 0.51 μm in Rome
([SO2]= 1.3 μgm−3, [NO2]= 14.4 μgm−3 and [O3]= 52.8 μgm−3,
T= 15.8 °C, RH= 72.1%) to 1.83 μm in Krakow
([SO2]= 19.9 μgm−3 and [NO2]= 30.4 μgm−3) and
[O3]= 62.2 μgm−3, T= 7.9 °C, RH= 74.7%). The thicknesses seem
to be correlated with SO2 and NO2 concentrations but following
non-linear relationships (regular increase until a threshold of
about 10 μgm−3 for SO2 and 30 μgm−3 for NO2 and then a
plateau). In view of these results, the variety of climates and

pollution levels induces a factor of 2 to 4 of variation, which is
relatively limited but has to be considered for a more refined
modeling. The impact of climate and pollution is higher for M1
glass exposed in the ICP-Materials program in sheltered condi-
tions. After 1 year, the alteration thickness varies between 1.6 and
22.1 μm158.

The kinetic role of the alteration layer
When an alteration layer is formed, its passivating properties can
control the alteration rate. This passivating role has been
highlighted for nuclear glasses159. The altered layer can act as a
molecular sieve and its porosity can become more and more
closed. For stained glass, the morphology of the altered layer is
particularly heterogeneous and unstructured due to the atmo-
spheric medium that is multiphase and changing. These variations
and the precipitation of hygroscopic salts at the surface and
within the altered layer lead to mechanical stresses, cracks and
loss of scales. All these open spaces permit the circulation of water
(liquid or vapor) until the alteration front. In these conditions, the
passivating role of the alteration layer can be questioned.
To address this issue, experiments using isotopic tracers (D and

18O) have been carried out by simulating atmospheric cycles with
rain events or an unsaturated atmosphere86,87. In both studies,
ancient stained glass windows (fourteenth century) from the
Notre-Dame Cathedral in Evreux (Ev1) and the Saint-Ouen Abbey
in Rouen (Ou2) with a substantial alteration layer (~100 μm thick)
were used. In the first study (saturated medium87), these stained
glass samples were subjected to 13 cycles with 1 day of drizzle
(synthetic rain rich in D and 18O) and 6 days of drying. The
temperature has varied between 22 and 32 °C and the relative
humidity between 75 and 80% during the dry episodes. The
samples were analyzed using Nano-SIMS mappings on cross-
sections. The results show that the solution rapidly circulates by
diffusion within the altered layer, both through the pores and the
cracks. Moreover, an enrichment in D is observed at the interface
between the pristine and the altered glass. It was assumed to be
caused by the pursuit of the alteration during the experiment,
superimposed to the centenary alteration. By measuring the
thickness of the D-enriched zone, considering the time of the
experiment and using Fick’s second law (Eq. (7)), it was possible to
calculate a diffusion coefficient corresponding to the exchange of
ions between the protons and the alkalis. The value of the
diffusion coefficient is 2.8 × 10−18 m² s−1 (for an average tempera-
ture of 25 °C).
In unsaturated medium, stained glass samples have been

exposed to water vapor enriched in D and 18O at RH between 25
and 90% and at 20 °C86. The Nano-SIMS mappings show that the
isotopic ratios measured in the altered layer are higher than the
natural abundances, highlighting the circulation and the homo-
geneous adsorption of water within the altered layer. Further-
more, significant deuterium enrichments at the pristine/altered
glass interface allowed to calculate the corresponding diffusion
coefficients: 3.6 × 10−20 m² s−1 at 70% RH and 4.9 × 10−20 m² s−1

at 90% RH at 20 °C. These values are similar to those measured on
short-term altered model glasses in real atmosphere (Table 5).
Therefore, this study emphasizes that the altered layer does not

Table 6. Overview of laboratory experiments in simulated atmosphere (cf. Table 3 for model glass composition).

Reference Glass Time T° in °C HR in % Gas concentration

147 M1.0/MI 20–45 72–97 SO2 3 ppb–5 ppm
148 G2/G3/G4 400 cycles (of 7 h) 60 (3 h)+UV/−15 (4 h) 80 (3 h)/30 (4 h)

95 cycles (of 24 h) 40 100 SO2 10 ppm–1800 ppm
149 M1 48–500 h ambient SO2 0–0.1–1.1 ppm+ dusts (Kopisty)
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limit alteration because its destructured morphology favors rapid
transport of aqueous species to the weathering front.

ALTERATION SCENARIO OF THE ANCIENT STAINED GLASS
WINDOWS
Mechanisms
Six or seven hundred years ago, a stained glass window was
installed on a religious building. Since then, the stained glass is
subjected to the action of water in vapor form and to more or less
frequent episodes of rain depending on its location. During the
unsaturated phase, hydration and/or interdiffusion are the
predominant mechanisms. The kinetics of these processes depend
on the relative humidity because this parameter defines the
quantity of water molecules adsorbed and available for diffusion.
Initially, it seems that it is H+ that diffuses, opening the way to
water molecules. Occasionally, the rain occurs. The immersed
environment induces a greater alteration than the unsaturated
environment. When it rains, the glass is in contact with liquid
water, which can lead to the concomitant dissolution and
interdiffusion. The contribution of these mechanisms depends
on the pH and the composition of the solution. Moreover, a mixed
effect of saturated/unsaturated exposures exists. Glass leaching on
contact with liquid water is favored by prior exposure to relative
humidity. Indeed, some elements are mobile but are not
necessarily leached during hydration or interdiffusion in the vapor
phase. They can be mobilized by rain events.
When the rainy episode ends, the glass remains wet. The

composition of the residual water on the glass surface varies
rapidly: Si concentrations will rapidly increase, decreasing the
alteration rate by chemical affinity.
These alteration mechanisms lead to possible material losses

and to the formation of an altered layer by interdiffusion and
hydrolysis/condensation reactions. This layer is porous, with a pore
radius of 1.5–2 nm on average and a distribution extending to
15 nm86. The pores constitute water reservoirs when the layer is
soaked but also when the relative humidity is higher than 57%
(threshold determined by Kelvin’s equation for a pore radius of
2 nm, see below). Thus, outside of rain events, the layer is partially
saturated with water.
In some cases, the alteration progresses in the form of craters.

These are rather observed on the internal face or in the first stages
on the external face and can afterwards coalesce to form a
continuous layer. We can therefore assume that they are less
exposed to rain (at the borders of windows for example). Their
formation can be explained by the presence of surface defects
(scratches) or aerosol deposits that favor the condensation of a
water drop. The initiation of the alteration can be reinforced by an
accentuation of the roughness36, by the development of a porous
and water-soaked altered layer (because of the condensation of
water in the pores that maintains humidity) and the release of
cations which precipitate as salts whose deliquescence can be
aggressive98. However, the increase of the pH will only favor a
weak dissolution140. Added to the silica saturation of the solution,
this gives a preponderant place to interdiffusion. This results in
deeper craters with a thick alteration layer. The role of
microorganisms in the process remains to be clarified in the
future. For glasses more subjected to rain, the weathering layer is
more continuous on the surface.
On the long-term, the alteration of the glass continues. The

weathering layer cracks due to hygroscopic variations and stresses
exerted by the precipitation of secondary phases within it. It can
also lead to the loss of scales when the alteration reaches a
significant thickness. The cracks can constitute preferential paths
for water up to the interface with the pristine glass and privileged
zones of the alteration progression. Nevertheless, the formation of
the weathering layer imposes a diffusive transport of water within

it and limits the direct leaching, even if it does not have strictly
speaking a passivating role. Since the network is mesoporous, it is
essentially Knudsen diffusion, controlled by particle/wall colli-
sions86,160. Therefore, the dissolution rate is slowed down over
time and interdiffusion persists at a rate that depends on the
square root of time and varies with relative humidity.

Kinetic modeling
Simulating the alteration for 700 years is complex. It requires to
consider the alternation of phases saturated (rainfall events) and
unsaturated in water, as well as transitory states that can favor
evaporation and precipitation or inversely deliquescence of salts.
A geochemical model based on kinetic laws parameterized as a
function of climatic parameters and atmospheric pollutants could
allow to predict the alteration of stained glass windows in the
context of the climate change and pollution evolution. Here, the
objective is to account for the alteration over centuries and assess
if the extrapolation of short-term kinetics is consistent with the
observations carried out on ancient stained glass samples. As
stated above, the alteration thickness of medieval stained glass
windows mainly ranges between a few and 300 μm, which
corresponds to diffusion coefficient (according to Eq. (7)) of
~10−21 to 3.5·10−18 m² s−1.
The alteration can occur in three different situations: rainfall

events, residual or pore water in the alteration layer and water
vapor. Therefore, the altered layer thickness (ALT) results from
these three situations and their associated kinetics:

ALT ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Drain � xrain � t

π

r
� r � xrain � t

ρ
þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dwet � xwet � t

π

r
þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dvapor � xvapor � t

π

r

(9)

With Drain the diffusion coefficient of glass modifier elements
during rainfall events that depends on pH and T (Eq. (8)), xrain the
proportion of rain time, t the time of alteration, r the dissolution
rate (Eqs. (5) and (6)), ρ the glass density, Dwet the diffusion
coefficient of glass modifier elements when water fills a significant
part of the porous network of the altered layer that also depends
on pH and T (Eq. (8)), xwet the fraction of time of altered layer
imbibition, Dvapor the diffusion coefficient of glass modifier
elements when water is as vapor, xvapor the fraction of time of
water as vapor (1− xrain− xwet).
During rainfall events, interdiffusion and dissolution can occur.

Kinetic laws (Eqs. (5), (6) and (8)) allow to calculate the alteration
thickness due to interdiffusion (1st term in Eq. (9)) but dissolution
can induce a loss of material (2nd term). The 3rd term corresponds
to the alteration caused by interdiffusion when the altered layer
remains wet (after rain events or at high RH) and the 4th term to
the remaining time where the water is in the form of vapor.
Here we decided to consider meteorological data in Paris to

assess the alteration of stained glass windows in the North of
France. Thus, different parameters were considered:

● Temperature T: in Paris, between 1881 and 2000, the average
temperature is around 12 °C (Météo-France data).

● Time t: the exposure time is 700 years to account for stained
glass windows dating from the beginning of the 14th c.

● xrain: the average annual precipitation is 617mm between
1881 and 2000 (Météo-France data). The number of rainy days
varies as a function of the threshold: ~110 days for
precipitation >1mm, 43 days for values > 5mm and 16 days
for values > 10mm. Between 1961 and 1990, it has rained
548 h year−1. Thus, the considered rain time can range
between 6 and 30% (ratio of the rainy days >1mm). However,
as it does not rain all the day, the input value is 6%.

● Drain: it depends on pH and temperature (Eq. (8)). The
considered temperature is the average temperature in Paris
(see above). The pH of rain generally varies between 5 and 8
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with more extreme values. Moreover, pH can rapidly increase
due to the interdiffusion if the runoff is low. That is why a
range of pH between 5.6 and 8 was considered to calculate
Drain.

● r: on the same way, r can be calculated as a function of r0 that
depends on pH and temperature (Eq. (5)) and the affinity (Eq.
(6)) that is not negligible if the flowrate is insufficient to renew
the solution.

● xwet: the Kelvin equation predicts capillary condensation in the
porosity of a solid as a function of pore size. For a given
pressure P, the Kelvin radius (RK), i.e. the largest pore radius in
which capillary condensation can occur, can be calculated:

RK ¼ �2γ � Vmol

R � T � ln RHð Þ (10)

With γ the surface tension of ordinary water in equilibrium with
pure water vapor (73.9·10−3 Nm−1 at 12 °C for water), Vm the
molar volume of the liquid (18·10−6 m3mol−1), R the universal gas
constant, T the temperature and RH the relative humidity.
At 12 °C, the Kelvin radius is 2 nm for 57% RH, 3 nm for 69% RH,

5 nm for 80% RH, 10 nm for 89% RH and 20 nm for 95% RH (Fig. 4).
In Paris, the average RH is around 70%, which means that pores
whose radius lower than 3 nm are saturated by liquid water.
However, the RH strongly varies on daily scale. Between 2007 and
2010 (laboratory meteorological station), the RH was higher than
80% during 20% of time. It is difficult to estimate what is the
fraction of time where the altered layer is sufficiently soaked by
water so that the alteration occurs, but considering previous data
(pore distribution, RH variations, rainfall events), we can arbitrarily
fix a time fraction of 25%.
● Dwet: when the altered layer is wet, interdiffusion is the main

mechanism due to the high surface of glass/volume of
solution (S/V) ratio and to the low renewal of the solution and
dissolution is assumed to be negligible because of high
expected Si concentration. Therefore, Dwet can be calculated
as a function of T and pH (Eq. (8)). Due to interdiffusion, pH is
assumed to increase until 8 or 9.

● xvapor: this parameter is the remaining time fraction after
deduction of xrain and xwet.

● Dvapor: kinetic laws have still to be completed to precisely
determine the diffusion coefficient. Moreover, previous
experiments91 have shown that the relation between diffusion

coefficient and RH was not linear. Therefore, for this
parameter, we considered values from short-term exposure,
laboratory and isotope tracing experiments. Table 5 shows
that all the calculated diffusion coefficients are in the order of
10−20 m² s−1. Sessegolo et al.91 have also measured a value of
1·10−20 m² s−1 for a model glass (SG3) altered at 20 °C for
9 months. Last, Sessegolo et al.86, thanks to D isotope tracing
used to alter ancient stained glass windows, have measured
diffusion coefficients of 3.6·10−20 m² s−1 at 20 °C and 70% RH
and of 4.9·10−20 m² s−1 at 90% RH. Therefore, a value of
3.6·10−20 m² s−1 was considered in the calculations.

The calculation of the dissolved glass or altered glass thickness
(the second term in Eq. (9)) considering the initial dissolution rate
(Eq. (5)) shows that, whatever the values of rain pH, the loss of
material caused by dissolution is very high and not realistic (as a
significant part of the glass would be lost over centuries, whereas
on some ancient samples, the original surface when grisaille is
present is still visible). For example, after 700 years, the dissolved
thickness is around 780 μm for a rain pH of 5.6. Several hypotheses
can explain that in reality the dissolved fraction is much lower. The
runoff caused by rain can be insufficient to leach the glass surface
or to dissolve the alteration layer. Moreover, this is not a diluted
medium: the high S/V imposes to take into account the Si
chemistry affinity term decreasing the dissolution rate. Moreover,
the presence of an altered layer limits the direct contact of the rain
with the pristine glass. This is consistent with experiments of
ancient stained glass exposed to a drizzle at the laboratory87. At
the end of the experiments, the altered layer is still present and
the alteration has occurred by interdiffusion at the pristine/altered
glass interface. Therefore, the second term is not considered in the
following calculations and loss of material is assumed to occur by
detachment of scales when the altered layer is too thick. Equation
(9) becomes:

ALT ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Drain � xrain � t

π

r
þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dwet � xwet � t

π

r
þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dvapor � xvapor � t

π

r

(11)

By considering pHrain between 5.6 and 8 and pHwet between 8
and 9, the predicted range of altered thickness is 138–204 μm
after 700 years of alteration.
As for the exposures in real conditions, according to Gentaz125,

the total alteration thickness of the model glass subjected to
precipitation is 13.8 μm on average after 3 years (between 0.6 and
25.7 μm due to numerous scale losses), while that of the sample in
sheltered condition is 1.2 μm. The contact with liquid water is thus
responsible for at least 12.6 μm. For the same parameters, Eq. (11)
predicts after 3 years a range of 9.0 to 13.4 μm in unsheltered
conditions and 2.1 μm in sheltered conditions. All the estimated
results are very consistent with the observation of ancient samples
and short-term samples exposed to the real atmosphere.
Moreover, Eq. (11) applied for a time of 700 years give

calculated altered glass thickness of 44 to 88 μm induced by rain
6% of time (according to rain pH, 8 or 5.6), of 67 to 90 μm induced
by imbibition 25% of time (according to the pH in the altered
layer, 8 or 9) and 26 μm induced by the water vapor. This
highlights that the alteration caused by vapor and imbibition is
not negligible. These results are also in very good agreement with
alteration layer thickness values measured on ancient stained
glass samples (between 0 and 300 μm, see section “Alteration
thickness”).
Even if the effect of pollution needs to be more finely studied in

terms of mechanisms and quantified in terms of kinetics, a rough
sensitivity test can be conducted. High levels of pollution are
expected to acidify rain or of water film, which can increase the
diffusion coefficients of rainfall events (Drain) and wet situation
(Dwet). Gases (such as SO2) can also induce secondary phases

Fig. 4 Kelvin radius (in nm) as a function of relative humidity (in
%). The Kelvin radius is the pore radius at which the capillary
condensation would occur for a given relative humidity predicted
by Kelvin equation (Eq. (10)).
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formation (such as syngenite or gypsum) and increase the
alteration rate147. Marine aerosols can also increase the hygro-
scopicity of the glass surface and open the glass structure, which
favors the alteration161. If rain pH is 4, the altered glass thickness
caused by rain can reach 139 μm. If pH of water that soaks the
alteration layer decreases to 7, the altered glass thickness would
increase to 120 μm. Last, if the diffusion coefficient in vapor phase
is multiplied by 10 (based on short-term exposure in real
conditions29,158), the altered glass thickness is 84 μm. The total
altered glass thickness is thus 343 μm. Therefore, during the
highest polluted periods (especially during the nineteenth and
twentieth centuries162), the alteration rate has certainly increased.
If these extreme conditions are considered for 200 years (over 700
years), the maximum alteration layer is 254 μm.
There is therefore a good agreement between these calcula-

tions and the observations of ancient samples. This could be
surprising as this model is a mathematical simplification based on
an unrealistic separation of the different environmental situations
and as it is based on different assumptions that can be discussed.
First, the total altered glass thickness does not result from the
independent growth of three alteration layers. Beyond the
mathematical formalism, these interactions should be better
studied with realistic experiments (alternation of rain events and
unsaturated phases) to estimate the sequential retention in the
alteration layer and release of elements during the rainfall
washout. Then, the role of dissolution was neglected for the
benefit of the diffusion. Some short-term exposures have shown
the loss of scales37, whereas the loss of mass is relatively rare on
ancient stained glass windows. On the same way, experiments in
vapor phase have shown that the diffusion coefficient can change
in the first months91,150. These issues raise the question of the
representativeness of short-term experiments. However, the
determination of diffusion coefficients on ancient stained glass
windows using isotopic tracers86 lifts partly this reservation. Last,
average values were considered, whereas D does not evolve
linearly with RH or can change with polluted atmospheres91,158. In
parallel, uncertainties on the environmental parameters have to
be reduced and their variations have to be implemented (as
kinetic laws are non-linear). However, even if this model has to be
improved, it has the merit of highlighting that diffusion
mechanisms seem to be predominant to account for the long-
term alteration.
With this in mind, Eq. (11) could be improved. Geochemical

modeling could be used to precisely assess the pH at the glass
surface (as a function of the rain water flow) and inside the pore
network (where pH results from alteration and transport within
the altered layer). Also, the speciation of Si in the altered layer
could be considered to assess the intensity of the dissolution.
Besides, altered layer thickness can be variable even for one

sample and many local factors can also be influent, such as local
defects, microorganisms, etc. However, as a first approximation it
gives good results to explain the long-term alteration over
centuries. It also could allow the variations caused by temperature,
RH or rain pH and rain quantity to be calculated and potentially
the evolution of stained glass windows in the future in the context
of climate change to be projected.
In practical terms, as the installation of protective glazing

protects the outer side of the stained glass windows from direct
rainfall and from wind and allows reducing both the pollutant
concentration and the relative humidity levels12,13, the alteration
rate is expected to significantly decrease11.

CONCLUSIONS AND OUTLOOK
From the literature on stained glass windows alteration, a scenario
of their alteration was proposed to explain pits, cracks, laminated
altered layer formation over centuries in atmospheric medium.
The variability of this constantly changing environment makes the

prediction over several centuries difficult. However, simple
calculations based on laboratory or short-term exposures and
extrapolated to long-term give good results to explain the
observed apparent alteration rates of medieval stained glass
windows. The results also give the respective contribution of rain,
wet and dry phases on the alteration. This current modeling has of
course to be improved in the future. This model could also be
used to calculate the quantity of secondary phases by considering
the release of the modifier ions (K+, Ca2+) that could react with
atmospheric gases in specific conditions (rain pH, evaporation
cycles). The studies on stained glass windows should also focus on
the influence of glass composition (and structure) on the
alteration and on the understanding and quantification of the
role of pollutants and microorganisms.
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