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The grey crusts covering some places of the weathered stained glass Windows of Tours Cathedral were studied by Analytical Scanning 
Electron Microscopy These crusts are constituted by a gypsum cement embedding many particles: microspherules (fly ash generated 
by combustion processes, rounded particles of leached glass, hypersiliceous spherules from tuffeau stone); angular fragments of 
leached glass; organic objects; siliceous and sulphated aggregates. The particles contained in the sulphated black crusts covering the 
stone, in the air and in the rain in Tours were studied simultaneously and compared with those of the stained glass Windows' grey 
crusts. In all cases, similar kinds of fly ash are present demonstrating the action of atmospheric microparticulate pollution both on 
the stained glass Windows and on the stone. Furthermore, the presence of hypersiliceous particles in crusts on glass and in the rain 
suggests transfers from stone to glass by rainwater run-off and possibly directly from the atmosphere. The presence of leached glass 
in the sulphated crusts on glass leads also to conclude on the modifying of the glass surface by the action of the rainwater run-off. 
Moreover, calcium and sulphur needed to form superficial gypsum crusts come both from the nearby calcareous stone, from the 
atmospheric gases and particles, and probably partially from calcium contained in unweathered glass. 

Ursprung grauer sulfathaltiger Verwitterungskrusten auf den Glasfenstern der Kathedrale in Tours (Frankreich) 

Die grauen Krusten, die Teile der korrodierten mittelalterlichen Gläser der Kathedrale zu Tours überziehen, wurden rasterelektro-
nenmikroskopisch untersucht. Die Krusten bestehen aus einer gipshaltigen Matrix, in die zahlreiche Partikel eingeschlossen sind. 
Es handelt sich dabei um Mikrokügelchen (Flugascheteilchen, die bei Verbrennungsvorgängen entstehen; runde Partikel von ausge
laugtem Glas; silicatreiche Mikrokügelchen aus dem Tuffeau-Naturstein), eckige Fragmente von ausgelaugtem Glas, organische 
Teile sowie Silicat- und sulfathaltige Aggregate. Gleichzeitig wurden die in den schwarzen sulfathaltigen Krusten auf den Bausteinen, 
in der Luft und im Regenwasser in der Umgebung der Kathedrale enthaltenen Partikel analysiert. Anschließend wurden diese 
Partikel mit denjenigen verglichen, die sich in den Verwitterungskrusten der Gläser befinden, und dieselben Ascheteilchen gefunden. 
Daraus läßt sich schließen, daß sowohl die Gläser als auch die Bausteine einer Umweltbelastung durch die Ablagerung von Mikro-
partikeln ausgesetzt sind. Ferner legt das Vorhandensein von silicathaltigen Mikropartikeln, die sowohl in den Krusten auf dem 
Glas als auch im Regenwasser enthalten sind, die Vermutung nahe, daß mit dem Ablaufwasser und wahrscheinlich direkt aus der 
Luft Bestandteile der Tuffeau-Steine auf die Gläser gelangen. Das Auftreten von ausgelaugtem Glas in den gipshaltigen Krusten 
auf den Gläsern läßt die Schlußfolgerung zu, daß sich die Glasoberfläche unter Einwirkung des Ablaufwassers verändert. Die für 
die Bildung von Gips erforderlichen Elemente Calcium und Schwefel stammen aus den Bausteinen der Kirche, aus den Luftschad
stoffen, aus den Flugaschen und Calcium wahrscheinlich auch aus den nichtkorrodierten Gläsern. 

1. Introduction 
There are usually two main kinds of weathering of ancient 
stained glass Windows. The first one, which is localized 
and limited, consists of small conical depressions 
(craters). The second one, covering large surface areas, is 
organized in layers having different composi t ions and 
textures: the deeper par t of the glass is generally still 
sound, whereas its surface is formed of a greatly devitri-
fied, leached and fractured layer. However, in some places 
a third k ind of weathering appears in the form of a crust 
superposed on the devitrified layer if such a film exists. 
The colour and the chemico-mineralogical composi t ion 
of this crust are very different from the composi t ions of 
the sound glass and the weathered glass. This disconti-
nuous crust is in immediate contact with the atmosphere. 
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Th i s k ind of deposi t on the s tained glass Windows h a s 
been rarely s tudied [1 a n d 2] a n d therefore, is the subject of 
this work per formed wi thin the f ramework of the F r a n c o -
G e r m a n P r o g r a m of Research for the Conse rva t ion of 
His tor ica l M o n u m e n t s . Samples were removed from the 
surface of ancient s ta ined glass Windows (13th Century) at 
Sa in t -Gat ien Ca thedra l in Tours (Loire Valley). 

2. Current knowledge of the weathering of the 
ancient stained glass Windows of Tours 
Cathedral 
T h e axial unaffected p a r t of these Windows is m a d e f rom 
a lime po t a sh glass wi th the compos i t ion (in w t%) : 51 t o 
55 Si02, 14 to 19 K2O, 12 t o 14 C a O , 6 t o 8 M g O , 4 t o 
5 P2O5, 1 to 3 Na20, 0.5 t o 2 AI2O3, 0.5 to 2.5 M n O , 
< l F e O [3 to 5]. 
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Figure 1. Scanning electron micrograph of the external side 
of a crust sampled from the surface of a blue glass (window 
no. 125) of Saint-Gatien Cathedral, Tours, constituted of gyp
sum microcrystals and many different microparticles described 
in the following figures 2 to 6. 

T h e devitrified a n d leached layer, 100 to 300 pm thick, 
is very fractured in the paral lel a n d perpendicular direc-
t ions to the s tained glass w indow surface. I ts percentage 
in Silicon, aluminium and iron increases a lot, specially 
tha t in Silicon ( 8 5 % Si02) , to the de t r imen t of other ele
ments such as po tas s ium, sodium, calcium, magnesium, 
manganese , p h o s p h o r u s whose percentages decrease con
siderably [3]. T h e fractures paral lel to the surface of the 
stained glass w indow are the centre of strong accumu-
lat ions of gypsum ( C a S 0 4 · 2H2O), a n d calcite (CaCOs) 
[3 to 6], of t races of syngenite (K2Ca(S04)2 ' H2O) [3, 4 
a n d 7], a n d even of qua r t z [4 a n d 5] o r a m o r p h o u s silica 
[4]. The fractures perpendicu la r to the surface of the 
stained glass w indow con ta in a few deposi ts . The devit
rified a n d leached layer, which is r egarded as a gel is 
character ized by its h igh percentage of water [3 to 5]. 

The o u t e r m o s t superficial crust of the stained glass 
window, subject of the present work, h a s been briefly de
scribed by previous authors as an a b u n d a n c e of gypsum 
associated with calcite a n d hydrated ca lc ium Oxalates [6 
a n d 7]. Accord ing to these au thors , water from run-off or 
condensa t ion , c a r b o n dioxide and su lphur dioxide con
ta ined in the a tmosphe re [3], or even microorganisms [7], 
play an i m p o r t a n t role in the format ion of this crust. But 
the results ob ta ined from previous works [8 to 11] allow to 
suggest tha t o the r factors of weather ing also occur. 

3. Location of samples collection and 
analytical procedures 
T h e crust samples were removed from the external pa r t of 
four different medieval s tained glass Windows [12] situated 
at the tr i forium level ( abou t 15 m high) , in the high choir 
Windows (nos 103 a n d 104) a n d in the nave (nos 125 and 
133). These samples are in flake form peeling off spon
taneously. They have a d a r k co lour (grey o r brown) and 

are thin (0.1 to 0.2 m m thick). In areas where the glass is 
no t completely obscured, it is possible to see the colours: 
blue, red or green. 

After p h o t o n microscopical examination of the 
samples in the rough, the preparat ion was carried out by 
three different methods. In the first method, the samples 
were stuck directly on to metallic stubs in order to study 
their surface using an Analytical Scanning Electron 
Microscope (ASEM) , (Jeol J S M 840 Α (Japan)), fitted 
with a T N 5400 E D X System (Tracor (USA)). In the sec
ond method, the samples were embedded in a polyester 
resin and polished in order to study the cross-section. In 
the third method, the samples were treated with hydro-
chloric acid (6 mol/1) in order to remove the sulphates and 
carbonates. By this way, the particles which were not sol-
uble in the acid were concentrated. 

Two samples have been specially studied: the white 
powder filling and the back cap covering a crater on the 
blue glass from window no. 133. The white powder was 
studied by A S E M and X-Ray Diffraction ( X R D , Mini-
flex, Rigaku (Japan)). The cap of lenticular shape, 2 m m 
in diameter and 0.2 m m in max imum thickness, was 
studied directly by A S E M . 

To gain a better unders tanding of the origin of the par
ticles in the stained glass window crusts, particles present 
in the a tmosphere a round the cathedral have been col
lected. The filtration of this air was carried out through 
Nuclepore® calibrated membranes of 0.4 pm porosity and 
under an extraction rate of 1 m^/h. The air filtration lasted 
for several days under a wind of variable speeds and direc-
tions. There were two episodes of rain where the water was 
also collected. It was immediately filtered using the same 
porous membranes . The membranes with the particles 
were m o u n t e d directly on the A S E M stub. 

Finally, the content of the grey crusts developing on 
the surface of the cathedral stone (Turonian sandy chalk, 
so-called "tuffeau") was analyzed in the same way to 
make compar isons with the deposits from the glass 
surface. Before entering in the analytical microscope, all 
the samples were covered by a thin carbon film under 
vacuum in order to make them conduct ing. 

4. Results: microparticulate content of crusts 
from stained glass Windows 
Analytical microscopy and X-ray studies show that the 
crusts are composed mainly of gypsum with either 
monocrystals (figure 1) or alternated epitaxial Strips. The 
cap covering the crater of the blue glass from the window 
no. 133 has the same composi t ion and morphology. X-ray 
diffraction on the white powder fiUing the crater reveals 
s imultaneous presence of gypsum and of traces of calcite. 
These two mineral species occur by A S E M as small 
stocky crystals. 

The A S E M reveals the presence of microparticles 
spread continuously th roughout the crystals of the crusts, 
of the cap and of the white powder. There are four kinds 
of microparticles. 
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Figure 2. Scanning electron micrograph of a blow-up of a 
smooth surface microspherule (fly ash) with an aluminosilicate 
composition (in wt%) of: 50 SiOs, 34 AI2O3, 6 Fe203, 4 K2O, 
1 N a 2 0 , 1 MgO, 1 P2O5, 1 SO3, 1 CaO, 1 T i 0 2 , associated with 
gypsum crystals inside the grey crust sampled from the surface 
of a blue glass (window no. 125), Saint-Gatien Cathedral, 
Tours. 

Figure 3. Scanning electron micrograph of a porous micro
spherule (fly ash), sulphured and carbonaceous in composition 
(amount of elemental carbon: 60 wt%, composition (in wt%) of 
the non-carbonaceous part: 5 S i 0 2 , 2 AI2O3, 1 F e 2 0 3 , 1 K2O, 
3 NasO, 1 MgO, 5 P2O5, 75 SO3, 5 CaO, 2 V2O5) inside the 
gypseous grey crust sampled from the surface of a blue glass 
(window no. 125), Saint-Gatien Cathedral, Tours. 

a) microspherules, 

b) siliceous and sulphated aggregates, 

c) angular fragments of glass, 

d) organic objects. 

a) There are four types of microspherules which are dif
ferent in their morphology and chemistry. 

- The first type concerns aluminosilicate microspherules 
with smooth surface (figure 2). However, there are 
some which are enriched in other elements e.g. iron, ti
tanium, sulphur, calcium. The diameter of these spher
ules is in a ränge of 1 to 35 pm. But the size of the ma
jori ty is below 10 pm. Some small outgrowths of crys
tallized gypsum are sometimes observed on the sur
face. These microspherules are obviously fly ash which 
are known to be emitted mainly by the combust ion of 
coal, and secondarily by heavy fuel oil combust ion in 
power plants [11 and 13 to 15]. 

- The microspherules of the second type have a porous 
aspect (pores separated by walls thicker than their di
ameter) (figure 3) or a sponge-like aspect (pores sepa
rated by walls thinner than their diameter) . They have 
a carbon matr ix. The presence of sulphur in greater 
percentage than in the smooth microspherules can be 
detected together with Silicon, aluminium, calcium 
and also some transit ion metals (nickel, vanadium, 
iron). Some small outgrowths of gypsum can also be 
observed on them. The diameters of the porous and 
sponge-like microspherules are in the ränge of 10 to 
120 pm. These microspherules are also in this case fly 
ash essentially emitted by the combust ion of heavy fuel 
oil and secondarily by coal combust ion in power plants 
[11 and 13 to 15]. 

- The microspherules of the third type are made up of 
material with lamellar morphology (figure 4). Their di
ameter is about 10 pm and they are highly siliceous (83 
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Figure 4. Scanning electron micrograph of a hypersiliceous 
(opal cristobalite tridymite) lamellar microspherule (composi
tion in wt%: 99 S i02 , 1 AI2O3) originating from the tuffeau 
stone, associated with gypsum inside the grey crust sampled 
from the surface of a blue glass (window no. 125), Saint-Gatien 
Cathedral, Tours. 

to 9 9 w t % S i 0 2 ) . T h e o ther m i n o r e lements 
(magnes ium, a lumin ium, p h o s p h o r u s , sulphur , cal
c ium, t i t an ium, nickel) probably c o m e from impurities 
attached to the surface (gypsum, sheet Silicates etc) . 
These microspherules are synsed imenta ry o r 
diagenet ic microconcen t ra t ions of opal c r i s t obah t e 
t r idymite c o m m o n in the Turon ian sandy cha lk of the 
Loi re Valley. 

— T h e fourth type of microspherules have, like t he first 
type, a s m o o t h surface bu t associated with a h igh S i 0 2 
con ten t (60 to 95 wt%) a n d a low con ten t of AI2O3 (up 
to 3 wt%) tha t character ize leached glass [3]. 

b) T h e siliceous a n d su lpha ted aggregates (in wt%: 
75 S i 0 2 , 4 AI2O3, 8 SO3, 4 C a O ) having a sponge-l ike a p 
p e a r a n c e seem to be c o m p o s e d of a mix ture of very smal l 



I- 10 μητι 

Figure 5. Scanning electron micrograph o f an angular and 
conchoidal fragment o f leached glass (composit ion in wt%: 
87 Si02, 1 AI2O3, 3 Fe203, 0 K2O, 0 Na20 , 1 MgO, 1 P2O5, 
3 SO3, 2 CaO, 2 MnO) present in the powder after acidic attack 
o f the crust sampled f rom the surface o f a green glass (window 
no. 104), Saint-Gatien Cathedral, Tours. 

^ 10 μ ιη 

Figure 6. Scanning electron micrograph of an angular and 
rounded fragment of leached glass (composition in wt%: 
86 Si02, 2 AI2O3, 3 Fe203, 0 K2O, 0 Na20, 2 MgO, 4 P2O5, 
3 SO3, 1 CaO, 1 MnO) present in the powder after acidic attack 
of the crust sampled from the surface of an opacified glass (win
dow no. 103), Saint-Gatien Cathedral, Tours. 

e lements wi th agglomera t ion of glass, of gypsum, even of 
opa l cr is tobal i te t r idymite. T h e presence of thin sheet Sili
cates a n d soot part icles (in the ränge of tens of nanometer) 
c a n n o t be excluded since they are present in the Tours at
mosphere . 

c) T h e angula r f ragments of glass whose sizes can reach 
several tens of mic rons have the compos i t i on of leached 
glass (figure 5). T h e y are easily observed in the remains of 
the acidic t r ea tments as well as the o the r kinds of micro-
objects descr ibed previously. M a n y fragments have a 
r o u n d e d concho ida l appea rance (figure 6). I t may indicate 
tha t the microspherules of the fourth type having the com
pos i t ion of leached glass could come from the breaking u p 
of the glass du r ing the weather ing process. 

d) The organic objects consist of spores as previously de
scribed by other au thors [7 and 16] and of unburn t wood 
debris. 

The chemico-mineralogical composi t ion of the crusts 
the authors have studied is homogeneous on all the 
sampled stained glass Windows and is no t affected by the 
chemical composi t ion of the underlying glass. 

5. Comparison of the microparticles in the air, 
in the rain and inside the crusts covering the 
stone of the Cathedral 
The microparticles collected from the filtration of the air 
a round the Cathedral have been studied using A S E M [10]. 
Their morphology, granulometry and chemical c o m p o 
sition show that they are similar to microparticles found 
in the study of the ou te rmos t crusts of the stained glass 
Windows: microspherules of the first (smooth) , second 
(porous) and third (lamellar) types and siliceous sul
phated aggregates. Moreover, crystals of sodium or mag
nesium Chloride and of calcium sulphate can be observed 
at the surface of some filters. The study of the air mass tra-
jetories has shown that the air in these cases had passed 
over the sea. 

Finally, there are some soot particles distributed among 
small aggregates similar to the siliceous and sulphated ones 
on the stained glass Windows. The existence of these soot 
particles confirms the results of a previous study [8] on par
ticles collected from the air filtration on porous membranes 
using an Analytical Transmission Electron Microscope 
(ATEM). In that study, the soot particles have a granulo
metry of 0.05 pm and have a carbonaceous composit ion 
with small amounts of Silicon, sulphur and calcium. They 
are known to be emitted from the combustion of light fuel 
oil in diesel engines, from domestic heating or even from the 
biomass combust ion (bush, forest or domestic wood fire, 
papermaking industries etc.). 

The microparticles collected from the filtration of rain 
water, studied using A S E M [10] are similar to the two first 
kinds of microspherules described in section 4., i.e. the 
smooth , porous and sponge-like ones. Another sample of 
rain studied using A T E M [8], contains some soots, some 
sheet Silicates and some smooth and sponge-like micro
spherules. 

The black crusts covering some areas of the tuffeau 
stone of the cathedral are mainly formed of a cement of 
gypsum which incorporates the smooth, porous or 
sponge-like microspherules besides the lamellar micro
spherules. 

The individual chemical composi t ions of smooth , 
porous and sponge-hke fly ash collected in the air, in the 
rain and inside the black crusts on tuffeau and on stained 
glass Windows of Tours Cathedra l have been plot ted on 
the t r iangulär d iagram of the pseudoternary System 
S i 0 2 - A l 2 0 3 - o t h e r oxides (figures 7a to c) [11 and 15]. In 
all cases, the two morphological types of fly ash consti tute 
two different chemical groups: the first one is rieh in sih-
con and a luminium (smooth particles), the second one is 
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rieh in other oxides (porous and sponge-hke particles). It 
appears clearly that the popula t ions of fly ash are similar 
in air, in rain, in crusts on stones and in crusts on stained 
glass Windows. 

6. Discussion and Interpretation 
There are two striking results in this work. Firstly, 
smooth , porous, sponge-like and lamellar microspherules 
are spread out over the gypsum, and secondly, the gypsum 
is developed over the whole of the weathered but sheltered 
surface of the materials (stone, stained glass) of Tours Ca
thedral exposed to a pol luted u rban atmosphere. 

The smooth , porous and sponge-hke microspherules 
are wi thout any doub t fly ash particles which are dragged 
by the atmosphere. This work demonstra tes their presence 
in the air and in the rain in Tours. Their association with 
soot particles confirms the impor tance of the a tmospheric 
pollut ion a round the cathedral . 

The presence of lamellar microspherules of opal 
cristobalite tridymite originating from the tuffeau b o t h in 
the crusts covering the stained glass Windows and the 
stone demonstrates the transfer of material from the stone 
to the glass. This probably happens th rough the rainwater 
run-off. However, the presence of these microspherules in 
the air does not exclude the fact that they may have an
other indirect trajectory, passing into the a tmosphere first 
before being integrated into the gypsum of the crusts. 

The existence of angular fragments of leached glass 
only in the crusts on the stained glass Windows (i.e. they 
are not found in the crusts on the tuffeau, in the air and in 
the rain) and their mixture with the fly ash and the lamel
lar microspherules indicate also that the surface of the 
weathered stained glass has been modified by the action 
of the run-off. This feature concerns only the glass. In-
deed, the black sulphated crusts grow only on the areas of 
the stone [14] and metals [17] which are protected from the 
beating by the rain and from the run-off The relationship 
between the leaching of the glass, which requires an im
por tan t contr ibut ion of water, and the existence of the sul
phated crusts containing fly ash, which requires the con
dit ion of humidi ty with no run-off, has still to be estab
lished: it seems that the porous gypsum crusts mainta in a 
local wetness at the glass surface and thus, do not really 
Protect this surface from leaching, as suggested by other 
au thors [6]. 

All these facts need to be included in the explanation 
of the weathering mechanism of the stained glass Windows 
of Saint-Gatien Cathedra l and are also complementary to 
the hypotheses suggested by the most recent au thors [3]. 
According to them, calcium extracted from the glass re-
acts with carbon dioxide and sulphur dioxide dissolved in 
the rain to form the carbonates and sulphates present in 
the glass fractures. Because of the large thickness of the 
crust, it is thought that calcium contained in the gypsum 
crust may have another complementary origin. Indeed, 
the run-off could drag some calcium from the tuffeau. 
Moreover, the existence of industrial fly ash confirms the 
atmospheric contr ibut ion to the formation of gypsum 
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Figures 7a to c. Comparative chemical compositions of smooth 
(O) and porous fly ash ( · ) sampled in the air and in the rain 
(figure a), inside gypseous crusts on tuffeau (figure b) and on 
stained glass Windows (figure c) at the Saint-Gatien Cathedral, 
Tours. Each dot represents an analysis result (in wt%) plotted 
in the triangulär diagram of the pseudoternary System: 
S i O s - A ^ O s - o t h e r oxides (Na20, MgO, P2O5, SO3, K2O, 
CaO, T i02 , V2O5, Fe203). 

crust on stained glass Windows, stone surfaces [10] or even 
on bronze surfaces [17]; the role of fly ash is also demon-
strated by Simulation in an atmospheric Chamber [18]. 



T h e study of the ancient s ta ined glass Windows of 
Tours Ca thedra l shows tha t b o t h mater ia ls , stones and 
glasses, used in the m o n u m e n t suffer a general sulphation 
caused by the part icles a n d the gases con ta ined in the at
mosphere . I t is also the first descr ip t ion of fly ash in a gyp
s u m grey crust depos i ted on the s ta ined glass window sur
face. 

T h e regulär cleaning of glass surfaces prevents the re
ma in ing of deposi ts of a tmospher ic part icles , specially in
dust r ia l fly ash a n d au tomob i l e soots , a n d the growth of 
su lphated crusts, as observed on s tone a n d metals which 
are n o t cleaned. Sta ined glass Windows which are no t reg-
u lary c leaned are often covered by su lpha ted grey crusts, 
as demons t r a t ed in the Tours Ca thed ra l . 

This work was performed with financial support of the Franco-
German Program of Research for Conservation of Historical 
Monuments. The authors are grateful to Jean-Marie Bettem-
bourg of the Laboratoire de Recherche des Monuments Histo-
riques, Champs-sur-Marne (France), for help in sampling and for 
stimulating discussions. 
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