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Abstract 

Electron probe X-ray micro-analysis (EPXMA) 
and Laser microprobe mass analysis (LAMMA), were 
applied to characterize the leachate of sandy 
limestones of a Belgian cathedral. 

Individual suspended particles, found in 
water that was sprayed over the cathedral walls 
( "1 each ate water"), were sized and analyzed by 
automated EPXMA-analysis, and classified with 
hierarchical cluster methods. LAMMA was used to 
gather more information about particles, present 
in the solution, as well as in suspension. 

It was found that the leachate from black 
walls, had a high sulphate concentration and a 
large variety of particles in suspension, with 
different morphology and composition, with sili
cates as most abundant group. The leachate from 
white walls is characterized by a predominant 
Ca-rich suspension, with both original and re
crystallized calcite particles, and by a much 
lower sulphate- ion concentration in the solu
tion. 

LAMMA-analysis revealed that the "organic" 
group of the EPXMA-analysis, consists mostly of 
carbon-containing fly-ash particles. 

Hence, in general, it could be concluded 
that walls which are not subject to direct rain
fall are generally covered with a gypsum crust, 
that turns black due to adhesion of soil dust 
and fly-ash particles, while white walls become 
thinner due to rainwater erosion of weathering 
products and original stone components. 
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Introduction 

The accelerated deterioration of various 
materials induced by air-pollution has recently 
received much attention. Especially historical 
buildings and monuments are the subject of 
various international research projects, as 
appears from numerous recent publications, 
review articles [ 6], and conferences [ 16 ] , 
concerning this topic. Although already much 
has been published on the air pollution induced 
formation of a gypsum crust on carbonate stones, 
additional research is warranted for the follo
wing reasons. The exact contribution of NOx 
and HCl induced weathering compared with the so2 induced weathering has not been documented clear
ly. Yet, in view of the different sources of 
these components, such knowledge is essential 
for a relevant pollution abatement strategy. 
The role of catalytic agents in the decay pro
cess like carbonaceous and fly-ash particles, 
or other particles or trace elements which may 
have been overlooked until now, should be fur
ther elucidated. Indeed, results obtained by 
simulation processes in reaction chambers, in 
which stone specimens are exposed to high so2 
levels, often deviate from real out-door 
weathering, probably due to the absence of cata
lysts for the sulphatation process [ 22]. Mea
surement of decay rates and establishment of 
damage functions are essential in order to 
define the qualitative and quantitative resis
tance of stone materials to the effects of air 
pollution. 

About 2 years ago, our laboratory started a 
detailed study on the chemical weathering of the 
13th-15th century St. Rombout's Cathedral in 
Mechelen, a town in the north of Belgium. This 
cathedral was selected because it is situated 
in the heavily industrialized area between 
Antwerp and Brussels, and especially because it 
is a representative example of material use and 
architecture of many large historical buildings 
in Flanders and the Low Lands. The cathedral 
was originally built of sandy limestone from 
Balegem and Gobertingen, Belgium. These con
tain about 40-60 % and 10-20 %, respectively, 
of rather fine quartz grains, cemented by a 
microcrystalline calcium carbonate matrix [15J. 
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Since those building stones are very sensitive 
to air pollution-induced weathering, a detailed 
and thorough examination of the decay mechanism 
was carried out. This should give a scientific 
basis to guide the actions and policy with res
pect to building protection and restoration works, 
and could result in a methodology to study other 
affected buildings and stone materials. 

Different trace and micro-analytical techni
ques were used to study the weathering of this 
building [ 9,11,18 ). The results showed that 
practically every wall was covered with a wea
thering crust, varying greatly in thickness, 
colour and composition. Some striking differen
ces were noticed as a function of the orientation 
of the wall towards wind and hence precipitation 
direction. At the East side of the building, 
usually not exposed to precipitation, a 300-1000 
µm thick outer crust of micro-crystalline gypsum, 
containing carbonaceous particles was observed, 
which was very clearly different from the appa
rently unaffected part of the stone. At the West 
side, this surface layer was mostly eroded away 
due to precipitation, and the walls have a fresh 
and clear appearance. At the North and South 
side, the weathering crust is more irregular. 
All analyzed crust samples showed a much larger 
contribution of S-containing weathering products, 
relative to the contribution of N- and Cl-con
taininq weathering compounds. The pH of rain
water (5.8) and of total deposition (6.7), col
lected near the cathedral, was slightly alkaline 
compared to the normal pH value (5.6) of pure rain
water. These observations led to the conclusion 
that attack by gaseous atmospheric compounds, 
especially S02, is highly important in the total 
chemical deterioration process, and that rain
water is not an offending medium but plays a role 
as wetting and eroding medium. 

In order to study the deterioration mecha
nisms in more detail and to make an accurate diag
nosis of the role of rainwater in the process, it 
is of interest to examine the composition of 
rainwater that has run down over the walls of 
the building ("run-off water"). Study of run-
off water can indeed lead to : establishment of 
quantitative material loss and decay rates, 
detection of reaction products that are easily 
removed by the rain, identification 
of stone components that are preferentially 
eroded by the action of the rainwater, and 
thus constitute weak points in the stone struc
ture [12]. 

As an alternative, leaching experiments were 
performed by isolating a certain area of the 
building wall and by spraying this stone with 
demineralized water. The leaching technique 
was evaluated versus the results obtained by ana
lysis of run-off water sampled in integrating 
collectors [ 10,19) since it is not dependent on 
the characteristics of the rainfall events and 
allows to isolate and study specific wall sec
tions . The identification of suspended par
ticles in the deposition and run-off samples, 
obtained by automated electron probe X-ray 
micro-analysis, combined with hierarchical clus
ter analysis [ 1 ), showed an important difference 
in number, as well as in composition of the sus-
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pended particles in run-off and rainwater [ 10] . 
This paper reports the micro-analytical examina
tion of the water samples collected during the 
leaching experiment. 

Materials and Methods 

f1iethod 
--□-n October 6, 1986 a leaching experiment 
was done at the St. Rombout's Cathedral in Meche
len. Onto both a black and a white wall section, 
located just near to each other, a plastic 
frame of 28.5 x 45.5 cm was pressed, to isolate 
a surface area of 1300 cm2. On each section, 
deionized water was sprayed three consecutive 
times during two minutes at a rate of 300 ml/min. 
Six samples were obtained : three for the white 
wall, hereafter called W-1, W-2 and W-3, and 
three for the black wall, called B-1, B-2 and 
B-3. Two blanks were taken by placing a PVC
plate at the back of the frame and spraying 
water onto this plate. The individual suspen
sion particles in all the collected samples were 
thoroughly studied using electron probe X-ray 
micro-analysis (EPXMA) and laser microprobe mass 
analysis (LAMMA), in order to elucidate the dif
ference in composition between particles found 
in the leaching water from white and black wall 
sections. 

Apparatus 
The EPXMA-measurements were performed with a 

JEOL JXA-733 Superprobe (Jeol Ltd., Tokyo, 
Japan), used at an electron energy of 25 keV and 
a beam current of 1 nA. The characteristic 
X-rays generated by the electron beam are mea
sured with energy-dispersive (ED) and wave
length-dispersive (WO) X-ray spectrometers. (It 
is well known that elements lighter than Na, 
such as C, N and 0, do not yield measurable 
X-ray signals in EPXMA, while high-Z elements 
also exhibit a low sensitivity). The electron 
microprobe is also equipped with a secondary 
electron and transmission electron detector, and 
backscattered electron detectors (for composi
tion and topographic viewing). The magnifica
tion was 480x. The microprobe is automated 
with a Tracor Northern TN 2000 system and con
trolled by an LSI 11/23 minicomputer with two 
double-density floppy disk drives. The Tracor 
software was somewhat modified to obtain greater 
flexibility. In the modified PRC (Particle 
Recognition and Characterization) computer pro
gram, particles are localized according to their 
backscattered electron signal. The electron beam 
performs consecutive line scans over the image 
field. The locations of objects are marked by 
contour points, where the image intensity drops 
below or jumps above the threshold value. The 
coordinates of these contour points are stored 
in the memory. When a contour line is found to 
be closed, the particle is analyzed before the 
line scan continues. For each particle, all con
tour pixel coordinates are known. The area (A) 
of the particle is the total number of pixels 
enclosed by the contour line, multiplied by the 
area represented by one pixel. The equivalent 
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diameter D of a circular particle with the same 
area is then calculated according to the formula 

D = 2F, The perimeter is simply the sum of 
the dis~ances between the contour pixels. From 
the area A and the perimeter, a shape factor is 
calculated. An ED X-ray spectrum is taken when 
the electron beam is rastered over the particle 
area [ 17] . In this way, 450 particles were 
sized and analyzed in each sample. Afterwards, 
the particles were classified by hierarchical 
cluster analysis [ 14,20] according to their 
chemical composition expressed as the relative 
intensity (normalized to a sum of 100 %) of the 
K X-rays from Mg, Al, Si, P and Sand the Ka 
X-rays from K, Ca, Ti and Fe. Bernard et al. 
[ l] have found that, for environmental applica
tions, the most advantageous procedure was the 
use of hierarchical cluster analysis, based on 
Ward's error sum strategy. 

LAMMA-measurements were performed with the 
LAMMA-500 instrument (Leybold-Heraeus, Cologne, 
FRG), which is described in detail in the litera
ture [ 5, 7,8,23]. In this technique, the pulsed 
laser light(\= 265 nm,,= 15 ns) of a 
Q-switched frequency quadrupled Nd:YAG laser 
(maximum power density of 1011 W.cm-2 is focused 
onto the sample through an optical microscope 
with the aid of the red spot of a continuous low 
power pilot He-Ne laser beam, whose optical path 
is collinear with the path of the high power 
laser. The laser beam power density can be 
attenuated by a 25-step optical filter system. 
The laser generated ions are accelerated by an 
Einzel-type lens and analyzed in either the posi
tive or negative ion mode in a time-of-flight 
mass spectrometer, which includes an ion reflec
tor in the drift tube. The ions are detected by 
an open Cu-Be secondary electron multiplier and 
the output signal is stored in a Lecroy 32 Kbyte 
memory transient recorder. The transient recor
der system is controlled by an IBM-PC AT, which 
provides the data acquisition, display and data 
analysis facilities [ 21 ]. 

Sample preparation 
Immediately after sample collection, a suit

able volume (2 ml for the "white" and "black" 
samples, and 50 ml for the "blanks") was filtered 
on a 0.4 µm pore-size Nuclepore membrane filter. 
Of this filter, a small piece was cut off and 
mounted on a plastic ring. The sample was then 
carbon coated, and fitted into a copper sample 
holder for EPXMA-analysis. 

For the LAMMA-experiments, about 10 µl of 
the collected sample was spotted onto a thin 
Formvar foil, supported by a standard copper 
electron microscopic grid. The solution was eva
por~ted by leaving the samples overnight in a 
laminar flow hood. The grids were then ready 
for introduction into the LAMMA-instrument. 
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Results and Discussion 

Electron microprobe study 
As two typical examples of the combined 

automated EPXMA and computerized hierarchical 
cluster analysis, the detailed results for samp
les B-1 and W-2 are presented in Tables 1 and 2 
respectively. The obtained cluster groups are 
ordered according to the element that yielded the 
m?st intense X-ray signal. The number of par
ttcles, the percent abundance, the average dia
meter and the composition, as represented by the 
characteristic X-ray signals, are all given. The 
relative abundance of the most important groups 
and the total number of suspended particles are 
included in Table 3 for the black and white 
leaching samples and the blanks. From those 
results, it ts evident that there exists a rather 
large difference in the composition of the sus
pended particles in leaching water from black 
and white wall sections. The most obvious fact 
~s that the Si-rich group is of major importance 
in leachates from black wall sections, while the 
white walls yield a predominant Ca-rich group. 
Indeed the Si-rich group amounts up to 74 % on 
the average for the "black" samples, while it 
has only a contribution of 24 % in the "white" 
samples; the Ca-rich group however contributes 
71 % in the "white" samples, where it gives only 
3.1 % in the "black" samples. 

The rather small Ca-rich group in the 
"black" samel~s consi~ts of CaC03, CaS04 and 
CaS04-containTng particles. On the other hand, 
the white wall sections release no pure CaS04 
particles. This fact is in good agreement with 
results published earlier, on the composition of 
crust samples [11]. It ts also in accordance 
with the bulk composition of the solution from 
which the suspension was taken. The solution 
from black wall sections contained on the average 
15 ppm c1-, 31 ppm N03- and 725 ppm so~-. where 
that from the white wall sections contai~ed only 
3.3 ppm_c1-, 6.3 pem N01-_and 101 epm S04--
Hence, it seems qurte lDgical to find some undis
solved Caso4-particles tn the suspension from 
the black wall section samples. Thts finding 
confi'rms the important role of ratnwater as an 
eroding agent; the weathering products CaSQ4.2H20, 
Ca(N03)2 and CaCl2.6H2o, formed by the action 
of atmospheric 5-, N- and Cl-containing pollutants, 
are solubilized in the overflowing rainwater in 
the case of the white walls. In sections that 
are shielded from direct rainfall, the weathering 
products remain as a crust on the wa 11 . The Cl - -
enrichment of the solution is probably caused by 
the deposition of NaCl-aerosols on the stone. 
It aepears that, except in ~ne case, the concen
tration of c1-, No3- and so4- all gradually de
crease when consecutive sprays are performed. 
These results however, will be discussed else
where [ 19]. The Ca-rich group tn the suspension 
from "white" samples has a more diverse composi
tion, besides pure Caco3 particles, the major 
group in all three W-samples, it includes Caco3-
containing particles, together with particles 
containing also elements like Si, Al, Fe, Cu and 
Zn. Also a group with varying, but important 
amounts of Ca, Fe, Si and Al is present; this 
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Table 1 Classification by hierarchical clustering of the EPXMA-da ta of the suspension particles in 
sample B-1. 

Group )lost abun- ~umber or , abundance AVTJ• 
no. dant ele- particles o( the : SD 

11ent analyzed group <u•l 

Ca II 2. 4 I.I~ 0.3 
2 8 I .8 2.5 ! 3.2 

3 SI 62 13.8 2.0 ! 2.0 
4 57 12. 7 1.9 ! 1.5 
5 56 12.4 1.9 t 3.3 
6 47 10.4 I. 2 ! 0. 7 

37 8.2 1.0 t 0.5 
8 34 7.6 1.7 ! 1.3 
9 13 2.9 I. 3 .! 0. 5 

10 Fe 21 4.7 I. 0 t 0. 4 
II I 7 3.8 l.3t0,7 

12 Al 0.45 1.2 ! 0.6 

13 s 8 I .8 I .0 :!: 0.5 
14 2 0.45 2.4 t 0.7 

15 Or2anic 75 16. 7 I.I t 0. 6 

. - average diameter!" standard deviation. 

Table 2 : Classification by hierarchical clustering 
sample W-2. 

Group no. ~ost abun
dant ele
ment 

~o. of par- , abundance 
ticles ana- or the iroup 
lyzed 

Ca 235 52.2 
70 15.6 
12 2. 7 

I.I 

5 SI 28 6.2 
6 22 4.9 
7 14 3.1 
8 12 2. 7 
9 12 2 7 
10 8 1.8 
11 0. 22 

12 Fe 14 3.1 
13 10 2.2 

H Al 6 I. 3 

15 Ti 0.22 

• Average diameter t standard deviation. 

4.1 .! 
3.6 ! 
3. 9 t 
2.3 t 

3. 6 ! 
2. 6 t 

3. 0 ;: 
3. 5 t 

4.1 ! 
2. 6 ! 
0.8 ! 

2. 3 ! 
I 5 ! 

2 .1 .: 
3. 5 ! 

consists probably of conglomerate particles like 
Ca-silicates, and Ca-[ Fe-Al ]-silicates. Although 
the Ca-rich group is predominant in the suspen
sion from white walls, the solution only contains 
35 ppm ca2+ on the average, while the ca2+ level 
in leaching water from the black walls amounts 
to 223 ppm [ 19 ]. This can be explained through 
the solubility of CaS04.2H20 and CaC03; the for
mer, be~ng much more soluble, gives rise to a 
high Ca+ concentration in solution from black 

3.0 
2.9 
3.9 
I 3 

2 4 
I .8 
2.7 
3.1 
3.6 
1.3 
-

1.5 
0.5 

I .1 

-

Composition expressed as average percent X-ray in ten-
•lty relative to the su~ or the X-ray count• 

:-lg Al Si p s K Ca Tl Fe 

0 0 18 0 35 0 41 0 I .0 
3.9 0 3.9 0 0 0 79 0 0.2 

0 17 58 0 0.7 4.0 0. I 0 20 
0 25 59 0 0.4 5. 6 1. 7 0 0.8 
0 0 99 0.2 0 0 0 0 0. I 
0 0 69 0 0. 2 0 0. I 0 30 
0.7 0 63 0 0.2 0.9 0 0 0 
0.5 13 39 1.2 7. 0 0.2 5. 7 0 32 
0 0.6 57 0 4.0 0 22 0 12 

0 0 3.0 0 5. 3 0 0 0 86 
0.9 0.4 34 2. 3 I. I 0.3 I. 4 0 57 

0 

0 
0 

0 

82 11 0 0 0 0 0 7.7 

1.5 23 0 26 0 0 14 0 
0 0 0 100 0 0 0 0 

0 0.8 0 0 0 0 0 0 

of the EPXMA-da ta of the suspension particles in 

Composition expressed as average percent X-ray Intensity. 
relative to the SU■ O( the X-ray counts 

Mg Al SI p s K Ca Tl Fe 

0 0 0. 3 0 0 0 85 0 0.1 

0 2 2.9 3. 3 0 0.1 0 78 0 0.6 

0 2 7.4 18 0 0.3 0.8 59 0 3.9 

0 9.6 24 0 2. 6 2.6 38 0 18 

0. I 12 71 0 0.1 2.5 6.4 0 3.0 

0.1 12 54 0 0.2 7.4 3.9 0 21 

0 33 53 0 0 7.9 I. 7 0.2 2.0 

0 0 100 0 0 0 0 0 0 

0 12 41 0 3. 7 2.4 19 0 15 

0 16 59 0 0 21 I .0 0 I. 8 

0 0 47 44 0 0 0 0 0 

0 13 37 0 0.5 0.9 5. 2 0 38 

0 3. I 7.9 0 1.0 0 I. 8 0 74 

0 18 3.8 2 .4 3. 2 2. 7 6.4 4.0 3.2 

0 0 6.9 0 0 0 17 53 13 

w~lls, while the washing of Caco3-particles gives 
rise to a predominant Ca-rich suspension in 
"white" samples. Al so, through frequent wetting 
by rainwater, the stone of white walls is beco
ming more porous and hence more sensible towards 
further erosion of structural CaC03-material. 

The Si-rich group varies somewhat in the sus
pension of both kinds of samples. The Si0 2 sub-
group ranges from 20.7 % to 2.7 %. This group 
can originate from soil-derived quartz, that is 
deposited on the stone's surface, but also from 
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Table 3 Relative abundance (%) of the different particle types in suspension of the run-off 
samples from black and white walls and blanks 

.'iost abun- Sub-group 8-1 B-2 

dant element 

Co . en only (CoC03l 
• Ca>70\. Si or other trace 

elements < 30% I. 8 0.44 . Cn . s (gypsum) 2.4 . Ca, s 1. Al . Fe . others 
Total 4.2 0.44 

Si • Si only or Si >70% and other 
trace element!-. < 30 !I. (Sl02) 20. 7 13.3 . s l. Al 12.7 24.9 . s l. Fe 31. 8 37.3 . s 1. Ca 2.9 3. 6 . others 
Totnl 68 79 

Fe Totnl 8.4 13.8 

Tota 1 2.2 

Org?.n i c Totn I 16.7 

'ii see 11 aneous Total 0.44 

\umber of particlrs per ml sol,1tion 

leaching of quartz grains out of the stone, 
because these form an important structural com
posite [ 15 ]. The Si Oz is probably more abun-
dant in the leachate from the black wall sec
tions, because these are never cleaned by natu-
ral overflowing rainwater. Al- and/or Fe-sili
cates also form an important part of the Si-rich 
group; elements like K, Sand Ca and sometimes 
also Cu and Zn were detected in a minor contri
bution here. In these groups, there can exist 

0.44 

3.3 

2.9 

a slight contribution of glauconite, which is 
leached out of the stone [15], but the major part 
will result from soil dust and fly-ash particles. 
The group denoted as "others" involves different 
Si-rich sub-groups, such as groups with Si-Cu Si-K 
and Si-P, accompanied by various other elements. 

In the leachates from the white wall section, 
the Ca- and Si-rich groups together, contribute 
about 95 % on the average to the total composi
tion. In the "black" samples, this average 
amounts only up to 77 %, while the Fe-rich group, 
and in some cases, the organic and miscellaneous 
groups, are also important. 

The Fe-rich group accounts for, on the aver
age, 11.7 % and 3.8 % in "black" and "white" 
samples respectively. In both series, this group 
consists of Fe-oxides, Fe-silicates and conglo
merate Fe-containing particles. These particles 
can result from the scaffold, which is construc
ted around the cathedral for the restoration 
works or from leaching of glauconite. Indeed 
they also give a larger contribution to the 
blanks and, to some air samples, which were ana
lyzed in a similar way as described before, in 
order to gather also information about the che
mical composition of the suspended particulate 
in the air around the cathedral. 

Particles with high electron backscatter, 
but no characteristic X-ray lines, are considered 
to be organic. This organic group consists of 
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Percent abundance 

B-3 W-1 W-2 W-3 Blank-I Blank-2 

39. I 52. 2 55.6 19. 3 19.1 

25 .8 15. 6 9.1 

3. I 
2. 9 3. 8 I. 6 3,3 2.7 

I. 6 8. 7 
4.7 76. 5 71. 6 66.2 22. 7 21. 8 

JI.I 3.6 2 7 7.3 6. 0 6.9 

20 6. 4 9.3 10 9 21. 8 24. 2 

22. 7 5.3 4.9 4 9 7. I IO. 7 

2.9 2. 7 3. 6 

20.2 4.0 2.0 
74 22.2 21.6 26.7 34.9 41 8 

12.9 1.1 5. 3 5.1 28.4 19.8 

3.1 0.22 0.89 2.00 

5. 3 0.22 I 6 I. 8 13. I 14. 7 

0.31 106 3400 12.200 

biological material (clumps and spores), fly-ash 
and other carbon-rich particles, and appears only 
in samples B-1 and B-2, but not in the W-samples. 
As will be explained below, there is evidence to 
believe that this group consists mostly of carbo
naceous particles that adhere to the weathering 
crust and are responsible for the black colour of 
most walls, which are not under the influence of 
direct rainfall. 

The miscellaneous group contains mostly 
Al- and Ti-rich groups, but also Ba-, Cu-, P-, 
Zn-, Ni-and Cl-rich groups are present. Actually 
this diverse class forms a minor contribution 
to the total composition and, considering the 
fact that it is especially found in the blanks, 
and in samples of air, taken around the cathe
dral, it could be concluded that most of these 
particles are pollution induced. 

The last group to be considered is the one 
that contains particles yielding mostly X-rays 
from Sonly, i.e. consisting of Sand low-Zele
ments. This S-rtch group appears especially in 
the "black" samples. It includes some conglo
merates. Probably the characteristic oil-fired 
carbonaceous particles, that are considered to 
be important in the deterioration of marble 
because they have a large specific surface area 
and a high sulphate content, and which are res
ponsible for the black colouring of non-wetted 
walls [ 2 ,3 ,4] , contribute al so to this S-ri ch 
group. Early results however [ 11 ], indicated 
that these particles were only scarcely found in 
the surface crust samples, and so they will play 
a minor role in the deterioration process of this 
cathedral. 

In order to gather more information about 
the contribution of coal and oil fly-ash, and 
about the morphological features of the automa
tically characterized particles some manual ana
lyses were also performed. Fig. 1 represents 
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Figure 1 : Typical SEM-micrographs of EPXMA-analyzed suspension particles present in sample B-1 (a) 
and W-2 (b), and of LAMMA-analyzed bulk and suspension particles, present in B-1 (c) and W-2 (d), 
and lying on a Formvar coated EM-grid. Bars: (a) 10 µm; (b)-(d) 100 µm. 

typical SEM-micrographs of EPXMA analyzed sus
pension particles present in sample B-1 (a) and 
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W-2 (b). A few typical particles are presented 
more in detail in Fig. 2. 
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Figure 2 : Characteristic SEM-micrographs of two different fly-ash particle types detected in 
sample 8-1 (a,b) and of original (c) and recrystallized (d) calcite particles present in sample (W-2). 
Ba rs : (a) , ( d) 10 µm; ( b) , ( c) 1 µm. 
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Results for leachates from black wall section 
(B-1). In view of the elemental composition of 
fly-ash particles, according to the publications 
of Del Monte et al. [31, and of Mamane et al. 
[ 13], it is very likely that the Si-, Ca- and 
Fe-rich groups include some contribution of fly
ash particles. Visual inspection of sample B-1 
demonstrated different types of particles that· 
are most likely fly-ash particles. Typical 
smooth spherically shaped particles, as shown 
in Fig. 2(b), with a characteristic aluminosili
cate matrix are very frequently found. Another 
characteristic fluffy type with aluminosilicate 
matrix is represented in Fig. 2(a). Sample 
group number 10 (Table l}, corresponds to small 
glassy spheres, with appearance just like the 
particle of Fig. 2(b}. This can be some type 
of fly-ash though iron-particles from the scaf
fold will also be present in this sample group. 
On the contrary, sample group 11 contains fluffy 
structures. From the backscattered electron 
image, it can be seen that some particles are 
heterogeneous; the different elements present 
are unevenly distributed throughout the particle 
volume; visual inspection of the particles, 
showed that the iron was concentrated in some 
parts of the particle. Sample group number 5 
contains differently looking particles, with 
variable size, shape and morphology. Small 
spherical particles are present, but also very 
small and larger fluffy particles contribute to 
this group. Particles in the organic group are 
characterized by a high background. By increa
sing the data acquisition time, one can obtain 
an idea of the mineral components that are also 
present (e.g. Al, Si, S, K, Ca and Fe). Carbo
naceous fly-ash particles will certainly contri
bute to this sample group. LAMMA-analysis how
ever, provides more detailed information on the 
nature of these particles, as discussed below. 

Results for leachates from white wall section 
Ui:1). The dominant Ca-rich group in all white 
samples originates mostly from stone-component 
erosion. Visual inspection of sample W-2 showed 
that sample group number 1 represents original 
calcite-particles (Fig. 2(c)), as well as par
ticles that are recrystallized from Ca(HC03)2, 
being more porous and less smooth in appearance 
(Fig. 2(d)). In sample W-2, none of the typical 
spherical aluminosilicate particles (fly-ash} 
were found. 
Laser microprobe study 

In order to obtain additional information on 
the characterization of particulate matter pre
sent in the bulk and suspension of the previous
ly described "black" and "white" samples, LAMMA
analysis was performed. With this technique, it 
is also possible to examine the presence and com
position of organic particles. Because of the 
fact that the recorded mass spectra of the dif
ferent analyzed sample series were very much 
alike, from each of them, one typical example 
namely B-1 and W-2 was selected for discussion. 

Fig. l(c) and (d} show a general view of the 
particles, present in the bulk and suspension of 
sample B-1 and W-2 respectively. At first sight, 
the black sample contains two important particle 
categories, namely bar-shaped crystals on the 
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one hand, and a group of largely differentiating 
particles with various shapes, sizes and morpho
logies on the other hand. In the "white" sample 
however, no rods could be detected. 

Four characteristic positive and negative 
laser mass spectra of the bar-shaped crystals, 
detected in the B-1 sample are shown in Fig. 3 
(a-d} and (m-p) respectively. The intensities 
of the major elemental and cluster ion peaks 
detected in the positive and negative spectra 
are summarized in Tables 4 and 5, respectively. 
Besides intense calcium ion peaks, measured at 
m/e = 40(Ca}+, 56 (Cao)+, 57(CaOH}+, 96 (Ca O)+, 
112(Caz0z)+ and 113(CazOzH}+, a high contri§u
tion of sodium and potassium elemental ions can 
be seen in the positive mass spectra. In the 
negative ion detection mode, besides an intense 
(S)-ion peak at m/e = 32, a dominant sulphur
oxygen cluster ion pattern at m/e = 48 (SO)-, 
64 (S02)- and 80 (SO)- can be detected. From 
these optical and ma~s spectral observations, 
it can be conciuded that the bar-shaped crystals 
mostly consist of gypsum. In general, it has 
also to be noted that practically no intense 
aluminum, iron and silicon containing ion peaks 
were observed in these particles. 

After analyzing the other particle category, 
observed in the B-1 sample, two different groups 
X and Y can be distinguished. Absolute inten
sities of selected characteristic spectra are 
summarized in Tables 4 and 5. A first group X, 
with two typical positive and negative mass 
spectra presented in Fig. 4 (e-~ and (q-r) 
respectively, shows the following spectral beha
viour. In the positive detection mode, very 
intense elemental ton peaks of (Na)+, iAl)+, 
(K)+ and (Fe)+ and a less intense (Ca) peak 
can be observed. In the negative spectra, 
besides a high contribution of chlorine, alu
minum, silicon and phosphorus cluster ion peaks, 
a typical carbon-containing fragment pattern 
has to be remarked. It might indicate that this 
particle group mostly consists of carbon-rich 
fly-ash part tel es. The second, 1 ess abundant, 
group Y with two typical positive and negative 
mass spectra shown in Fig. 4 (g-h) and (s-t) 
respectively, gives rise to the detection of 
intense calcium-containing ion peaks with a 
minor contribution of chlorine, phosphorus and 
carbon-containing ions. 

Fig. 5 (i-1) and (u-z) show 4 typical posi
tive and negative mass spectra of different par
ticles measured in the W-2 sample. The absolute 
intensities of major detected ion peaks are sum
marized in Table 4 and 5. Besides the detection 
of intense calcium elemental and cluster ion 
peaks in the positive spectra, in the negative 
detection mode, an important contribution of 
silicate and phosphate ion peaks cah be re
marked. The calcium ions probably originate 
from recrystallized and original calcium carbon
ate particles which are leached out of the stone 
by the overrunning water. Silicate ions in the 
negative detection mode, and simultaneously 
measured calcium ions in the positive spectra 
may indicate calcium silicate structures ~,hich 
also come from erosion of structural limestone 
components. The presence of phosphorus-contain-
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Table 4 Absolute intensities of elemental and cluster positive ion peaks for different particle 
groups detected in the "black-1" and "whi te-2" sample. 

Positive ions Sample 8-1 Sample W-2 

m.'e assignment Bar-sha;ied crystals GroU{l X Group y Different particles 

A B C D E E' G H J K L 

23 Na 1439 2893 2793 1931 2676 3793 61 272 2839 2136 2500 1188 
24 Mg 149 1314 311 181 835 1704 n.d. * n.d. 951 331 756 320 
27 Al n.d. 123 135 n.d. 2087 3797 n.d. n.d. 990 88 56 n.d. 
28 Si n.d. n.d. n.d. n.d. 634 906 n.d. n.d. n.d. 376 n.d. n.d. 
39 K 2984 4324 3377 2961 3817 4448 994 n.d. 3485 3019 2148 1570 
40 Ca 3064 2492 1535 2290 856 864 2381 4279 4137 4524 941 2476 
48 Ti n.d. 162 n.d. n.d. 317 212 117 321 544 493 362 n.d. 
54 E'e n.d. n.d. n.d. n.d. 334 235 n.d. n.d. n.d. n.d. n.d. 121 
55 Mn n.d. n.d. 137 n.d. n.d. n.d. n.d. n.d. 130 240 n.d. n.d. 
56 CaO; Fe 1470 1321 487 726 2201 1929 1470 2091 3450 3480 1701 898 
57 CaOH 1678 1986 1960 2255 232 191 41 1542 2613 2984 1369 1383 
59 Co 181 183 n.d. n.d. n.d. n.d. 146 508 1111 952 59 202 
63 Cu: Na20H 175 338 748 582 346 538 n.d. n.d. 343 131 319 996 
64 Zn n.d. n.d. n.d. n.d. 121 n.d. n.d. n.d. 297 709 n.d. 98 
96 Ca20 !170 1471 256 264 n.d. n .-d. 1202 1311 li98 3668 2093 1545 
112 ca 2o 2 317 336 155 124 n.d. n.d 388 475 3487 2989 790 374 
113 ca 2o 2H 608 1266 725 774 n.d. n.d 62 548 1995 1937 866 200 

* n. d. = not detected 

Table 5 : Absolute i ntens i ti es of elemental and cluster negative ion peaks for different particle 
groups detected in the "black-1" and "white-2" sample. 

Scr.'.;:ile B-1 Sample W-2 

Negative ions bar-s\1<1;:ied crystals group X group y Different particles 

m/e assignment M N 0 p Q R s T u V w z 

32 s 1495 1516 621 1627 148 196 n.d. * n.d. n.d. 49 28 295 
33 SH 272 483 152 242 135 n.d. n.d. n.d. n.d. n.d. 136 n.d. 
35 Cl 164 791 1411 625 2928 1857 1341 1692 1584 1148 1830 1556 
36 C3 n.d. 146 261 n.d. 894 487 220 1222 49 85 120 326 
42 CNO n.d. 196 445 n.d. 1755 1635 677 419 987 1606 1270 2260 
43 AlO n.d. n.d. 442 n.d. 1465 1089 367 222 349 662 496 740 
46 N02 n.d. n.d. 339 n.d. 635 195 232 66 335 106 n.d. 71 

48 SO; C4 977 1329 915 632 1550 783 322 818 n.d. 573 n.d. 412 
59 Al02 n.d. n.d. 509 n.d. 1186 602 295 154 209 507 178 115 
60 S102; C5 n.d. 235 128 n.d. 1953 1354 621 301 1035 1589 1297 1164 
62 N03; (5!02) n.d. n.d. n.d. n.d. 339 165 48 22 77 99 80 133 
63 P02 n.d. n.d. n.d. n.d. 2166 3340 780 2076 1736 1332 424 2011 
64 S02 1713 1490 805 353 344 189 85 101 174 244 n.d. 788 
72 Cs n.d. n.d. n.d. n.d. 978 379 223 327 n.d. 541 n.d. n.d. 
76 S!03 n.d. n.d. n.d. n.d. 1360 816 425 97 1068 1724 1204 1693 
ii HS!03 n.d. n.d. n.d. n.d. 1651 797 277 128 325 1022 694 1318 
79 P03;fHS!03l n.d. n.d. n.d. n.d. 2716 3088 891 2830 1594 1868 409 2952 
80 S03 342 42 74 48 80 111 28 73 202 155 120 735 
84 C7 n.d. n.d. n.d. n.d. 408 n.d. 210 301 174 232 n.d. 158 
88 fe02: Si 202 n.d. n.d. n.d. n.d. 311 320 132 487 129 357 n.d. 92 
96 S04:C8 n.d. n.d. n.d. n.d. 479 n.d. 202 33 308 355 n.d. 465 
97 HS04:P.2P04 n.d. n.d. n.d. n.d. 392 n.d. 291 100 n.d. 511 63 434 
103 AlSi03 !1. d. n.d. n.d. n.d. 339 n.d. 105 n.d. n.d. 165 n.d. 275 
108 Cg n.d. n.d. n.d. n.d. 309 n.d. 129 n.d. n.d. 212 n.d. 201 
119 AlSi04 n.d. !1.d. n.d. n.d. 899 152 209 n.d. n.d. n.d. 382 n.d. 
120 C10 n.d. n.d. n.d. n.d. 121 n.d. 110 n.d. n.d. n.d. 378 n.d. 
133 n.d. n.d. n.d. n.d. 212 n.d. 152 n.d. n.d. n.d. 232 n.d. 
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Figure 3 : Characteristic positive (a-d) and negative (m-p) mass spectra of bar-shaped crystals 
present in the bulk and suspension of sample B-1. 

ing ions may indicate the contamination of the 
stone sample by bird droppings. 

Conclusions 

Automated EPXMA revealed an important dif
ference in the composition of suspended particles, 
present in leaching water from black and whtte 
wall sections. The suspension of black wall's 
run-off is characterized by a dominant Si-rich 
group, originating mostly from impaction of air
borne particulate matter, while white walls give 
rise to a major Ca-rich group in their leaching 
water. Visual inspection showed that the impor
tant silicon-rich group in the "black" samples 
is mostly composed of fly-ash particles. Further
more, different types of fly-ash were observed 
in the "black" samples. The predominant Ca-rich 
group in the "white" samples, contains both ori
ginal and recrystallized calcite particles. 
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LAMMA-analysis could further provide valuab
le information on the characteristics of par
ticles, present in suspension and in the bulk. 
Gypsum-rods could be detected in "black", but 
not in "white" samples, this fact is in good 
agreement with the bulk analysis results and with 
the EPXMA-study. LAMMA also showed that the 
particles, characterized by EPXMA as 'organic', 
are composed of carbon. In general, LAMMA showed 
gypsum rods, Na-Al-K-Fe-C-rich particles, and 
a very small group Ca-rich particles in the 
"black" samples, and predominantly Ca-rich and 
Ca-Si particles in the "white" samples. 

It can be concluded that black wall sections 
are entirely covered with a gypsum crust, that 
turns black, due to adhesion of soil dust and 
common air pollutants, especially fly-ash. Black 
crusts are mostly seen at sites protected from 
direct rainfall but their occurrence depends also 
significantly on the individual stone character
istics. White wall sections, which have fresher 
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Figure 4 : Typical positive (e-h) and negative (q-t) mass spectra of group X (e,f,q,r) and group Y 
(g,h,s,t) particles present in the bulk and suspension of sample B-1. 

appearance, because the weathering products are 
carried away by the overrunning rainwater, under
go accelerated erosion. 
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Discussion with reviewers 

R.A. Livingston : Can similar particle analyses 
be made ,n the rainwater run-off samples? 
Authors : Indeed, this can be done and we have 
applied it to deposition and run-off samples, 
collected at the same cathedral. The results 
were reported in ref. 10 (Classification of 
suspended particles in deposition samples and 
run-off water samples from a limestone cathedral, 
Atmosph. Environ., in press). It was found that 
run-off samples were enriched largely in Ca-con
taining suspension particles, in comparison to 
deposition samples, where the Si-rich group was 
the most abundant one. This confirms that the 
rainwater, which has a high pH at the site of the 
cathedral due to the washout of atmospheric Caco3 
particles originating from the wind erosion of 
the building or from the emission of the restora
tion work place, plays an important role as an 
eroding medium. Different stone components, 
especially CaC03, but also quartz particles, are 
leached out by the overrunning rainwater. 
Furthermore, considering the large so4

2- concen
tration in solution and the small amount of un
dissolved CaS04 particles that were found in the 
run-off water, it was concluded that the deterio
ration product gypsum is mostly removed by dis
solution in the run-off water, or eroded away 
as particles, which dissolve afterwards in the 
collection vessel. 

R.A. Livingston : To understand the significance 
of the clusters presented in Tables 1 and 2, 
would it not be helpful to include dendograms? 
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Authors : We do not believe that presenting a 
dendogram would be helpful or even feasible : 
the drawing would have, for a typical analysis of 
400 particles in one sample, some 400 vertical 
lines at the bottom. 

R.A. Livingston : It would be interesting to 
have mass balance calculations giving the rate 
of erosion from the black and from the white 
areas, and the relative contributions of par
ticles and solutes to the total rate. 
Authors : These calculations are presented in 
detail in ref. 19 (Weathering products and sur
face recession rates of sandy limestones exposed 
to air pollution, Proc. Int. Conference on 
Acid Rain, Lisbon 1-3 September, in press). The 
mean yearly material losses, weighted to the 
volume of rainfall, ar~ 20 g Caco3;m2 (solute) 
and 27 g particulate/m respectively. The mean 
yearly surface recession was found to be around 
20 µm. 

Reviewer III : So much work has been published 
on gypsum crusts and their formation that the 
authors do not seem to be adding anything new, 
other than the application of a newer technique 
to a previously understood problem. I feel that 
the authors should give more justification as 
to why they felt it necessary to re-analyse a 
well understood problem. 
Authors : We studied a building constructed with 
sandy limestones of Balegem and Gobertingen, 
which are typical Belgian stones, used in many 
old important historical buildings. For these 
specific stone types, to our knowledge no work 
has ever been published on their air pollution 
induced deterioration mechanism. Since these 
types of stones are very sensitive to air pollu
tion-induced decay, a detailed and thorough 
examination of the deterioration mechanism and 
evaluation of the possible presence of cataly
zing particles in the weathering crust is justi
fied and necessary to give enough scientific 
basis to the government policy of restora-
tion and protection of weathered historical buil
dings. Moreover, for the air pollution situa
tion in Flanders (and Western Europe), the rela
tive importance in building deterioration of so2 and NO has never been documented, although it ,s 
of pri~e importance for the abatement strategy. 
Furthermore, recent publications point to the 
important role of soot and fly-ash particles as 
catalyzing agents in the weathering process; 
micro-analytical techniques such as EXPMA and 
LAMMA are well suited to gain information on 
these types of particles. 
Reviewer IV : Why are the authors studying 
leach1ngs rather than the samples from the walls 
themselves? 
Authors : A detailed study was performed to 
elucidate the general chemical deterioration me
chanism of St. Rombout's Cathedral of which the 
integral results are described in a review 
paper, entitled "Air pollution induced chemical 
decay of a sandy limestone cathedral in Belgium", 
submitted to Science of the Total Environment. 
In this study, thin sections of stones and slates, 
pieces of surface weathering crust and under
lying crust layer, total, wet and dry deposition 
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samples, samples of rainwater run-off, and 
leaching water, were all thoroughly examined. 
This paper reports only the results of the latest 
experiment, the production of artificial run
off water, or leaching water. 
The leaching technique was evaluated versus the 
run-off water. It is not rain dependent, re
quires no attachment of collectors to the buil
ding and allows the isolation of specific wall 
sections in order to study these separately. 

Reviewer IV : The pH of rainwater and total de
position, collected near the cathedral was 
slightly alkaline, compared to normal pH-values 
of pure rainwater. What is meant by sli'ghtly 
alkaline? Is it this alkalinity that the 
authors use to conclude that it is gaseous so2 that is the offending agent? 
Authors : The pH value of total deposition is 
on the average around 6.7, and that of rainwater 
is 5.8, while the natural pH of rainwater is 
5.6. The conclusion that so2 is the offending 
agent is mostly based on the fact that the pH of 
local rainwater is near the natural value, and 
on the observation that also at places which 
are not wetted by rain, a thick gypsum crust 
is found on the stones. 

Reviewer IV : Are the actual conditions of the 
substrates better or worse on the black or the 
white walls? Is it a good idea to remove the 
black crust? In many cases the black crusts 
are a sign of a very badly deteriorated sub
strate. It appears that this is not the case 
here. Is this in any way stone-related or is it 
simply prevailing wind-related? 
Authors : Black crusts are indeed often a sign 
of a seriously deteriorated substrate. Their 
occurrence is surely related to the prevailing 
wind direction, but moreover individual stone 
characteristics are extremely important : very 
deteriorated stones were found next to much 
less deteriorated stones, although both were 
exposed to similar atmospheric conditions. White 
stone walls have often a cleaner appearance which 
is however caused by the continuous removal 
of reaction products by the rainwater, so that 
the decay is faster than on black stone sec
tions. 

1630 

M. Montoto : Could your method be applied to 
interpret the presence or absence of soil patina 
not related to atmospheric agents, for instance 
to a possible static electrical charge on the 
rock surface. 
Authors : With the applied techniques, it is 
possible to give an exact description of par
ticles that are found at the surface of mater
ials, e.g. stones. By careful consideration 
of the local pollution situation and the diffe
rent particle types that are found in deposi
tion samples and air samples, collected at the 
site of the cathedral, we can make estimations 
about the possible sources of particles, 
found at the surface of the stones i.e. whether 
they originate from the stone itself (e.g. CaC03 particles, SiOz-particles), whether they are 
pollution induced (e.g. S-containing carbonaceous 
fly-ash particles) or result from the scaffold 
(e.g. Fe-oxides). Whether particles are found, 
due to a static electrical charge on the rock 
surface, cannot be elucidated with the method 
that we applied here. 
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