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DETERIORATION PROCESSES OF HISTORICAL MONUMENTS 

D A R I O  CAMUFFO 

N a t i o n a l  R e s e a r c h  C o u n c i l ,  CNR-ICTR, P a d o v a ,  I t a l y  

ABSTRACT 

The problem of t h e  conservat ion of h i s t o r i c a l  monuments ( s t a t u e s ,  columns, 
anc ien t  bu i ld ings)  r e q u i r e s  an accura te  study of t h e  many environmental agents  
which br ing about t h e  d e t e r i o r a t i o n  process and a f f e c t  t h e  a c t u a l  rate of 
d e t e r i o r a t i o n .  Among t h e  most a c t i v e  causes  of weathering, we can c i te :  (i) 
t h e  weakening of t h e  outer  l a y e r  of t h e  a r t  work, which i s  caused by complex 
microphysical e f f e c t s  and i s  in particular due to  wtting of the wnumnt 
( a  comparison between t h e  e f f e c t s  of ra inwater  and condensation is made); ( i i )  
t h e  chemico-physical a c t i o n  of p o l l u t a n t s  captured i n  both t h e  dry  and wet 
phase. The d e s t r u c t i v e  processes  depend on many f a c t o r s :  t h e  p a s t  h i s t o r y  of 
t h e  monument, t h e  capture  and na ture  of t h e  p o l l u t a n t s ,  and t h e  frequency of 
some microcl imat ic  condi t ions,  p a r t i c u l a r l y  those supplying t h e  water 
necessary f o r  chemical reac t ions .  To t h i s  end s t u d i e s  of d i u r n a l  and seasonal 
v a r i a t i o n s  on t h e  monument of both t h e  h e a t  wave and t h e  f l u x e s  of moisture 
and energy are very important. 

Some of  t h e s e  processes  have been shown with microcl imat ic  s t u d i e s  and 
microphysical i n v e s t i g a t i o n  assoc ia ted  with mineralogic and chemical analyses  
of samples of weathered mater ia l .  Mathematical models i n  some cases  
( e s p e c i a l l y  f o r  s o l a r  r a d i a t i o n  and temperature) permit physical  s imulat ion,  
recons t ruc t ion  of p a s t  d a t a  and extrapolation into the fu ture  
observat ion of many monuments from d i f f e r e n t  epochs, situated at  var ious  
sites, g i v e s  examples of t h e  fundamental processes  that are of ten  associated 
with,  o r  masked by, o ther  e f f e c t s .  

The main weathering processes  are due t o  t h e  combined ac t ion  of rainwater 
and atmospheric p o l l u t a n t s  ( p a r t i c u l a r l y  t h e  carbonaceous p a r t i c l e s  due t o  
combustion) deposi ted on t h e  sur face  of t h e  monument. The way i n  which t h e  
sur face  is wetted i s  very important: i n  fact, a s h o r t  d r i z z l e  can a c t i v a t e  t h e  
d r y  d e p o s i t  without washing it away, and i n  t h i s  case  t h e  pH of r a i n  d r o p l e t s  
i s  of secondary importance; on t h e  o t h e r  hand, showers supply abundant water 
which favours  d i s s o l u t i o n  of t h e  stone and removal of t h e  s o l u t e ,  r e s u l t i n g  i n  
a thinning of t h e  o r i g i n a l  rock. Another important f a c t o r  is t h e  dynamic 
regime ( i . e .  laminar o r  t u r b u l e n t )  of t h e  water flowing over t h e  sur face  of 
t h e  monument. 

In zones where t h e  sur face  of marble o r  calcareous monuments is only 
wetted, but  pro tec ted  from run-off ,  black c r u s t s  (charac te r ized  by c r y s t a l s  of 
gypsum and calcite with carbonaceous p a r t i c l e s  embedded i n  t h e  c r u s t s )  a r e  
formed. Zones subjected t o  heavy run-off are a l s o  subjected t o  a thinning of 
t h e  rock and small authentic calcite c r y s t a l s  form t h a t  a r e  white i n  
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appearance. 
In the case of relatively unpolluted towns, where marble and limestone 

sulphation is not the main cause of the deterioration process, biological 
deterioration mechanisms are often very important, due to the activity of 
epilithic and endolithic microflora and microfauna. 

cussed i n  order t o  clarify the thermodynamic mthcd proposed for the analysis 
of q r imen ta l  campaigns. Finally actions are described that act on the causes 
and not only an the effects. 

The case of particularly precious mortars, i.e. m a l s  or frescces, is dis- 

CAN DETERIORATION BE EXPRESSED IN TERMS OF SULPHUR DIOXIDE LEVELS 

OR ACID RAIN ALONE? 

In the last decade, Europe has witnesed a progressive 

deterioration of its inestimable artistic heritage and the 

definitive loss of many masterpieces. It is clear that the cause 

of this calamity is linked to the by-products of our modern 

society, and in particular to atmospheric pollution, but it is 

not particularly clear which chemical components a r e  themost 

directly responsible I or  exactly h o w  they a c t  on t h e  

monuments (statues, ancient buildings, columns, etc.). As the 

rate of monument deterioration has occurred with the general 

increase in both industrialization and urbanization, especially 

after the second world war, many authors suggested that this 

phenomenon could be ascribed to the increasing rate of air 

pollution and in particular to sulphur dioxide (for an overview 

see ref. 1 ) .  

In this hypothesis the deterioration process is mainly due to 

the surface action of sulphur pollutants removed from the 

atmosphere by condensation processes (ref.2). The corrosion of 

marble and limestone would be due to the transformation of 

sulphur compounds , in p a r t i c u l a r  of sulphur dioxide in the 

presence of catalysts into sulphuric acid on the surface of 

monuments. With this model we would expect to find buildings and 

statues weathered in a more o r  less uniform way, with only one 

kind of deterioration crust, thicker or thinner according to the 

environmental aggressivity, which could then be simply expressed 

in terms of concentration of pollutants in the atmosphere and 
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t ime o f  w e t n e s s ,  the time during which and adsorbed film is 

p r e s e n t  on  t h e  s u r f a c e .  A s  a c o n s e q u e n c e ,  we would e x p e c t  t o  f i n d  

monuments  more  s e v e r e l y  d e t e r i o r a t e d  a n d  c o v e r e d  by a t h i c k e r  and  

c o n t i n u o u s  s c a b  on  t h e  n o r t h e r n  s i d e ,  w h i c h  i s  t h e  more humid 

p a r t  of a monument ,  s i m i l a r  t o  t rees  c o v e r e d  by  moss. T h i s  model  

f a i l s  on t h r e e  p o i n t s :  ( i )  n o t  o n e  r e l i a b l e  q u a n t i t a t i v e  

c o r r e l a t i o n  h a s  b e e n  f o u n d  b e t w e e n  s u l p h u r  d i o x i d e  ( o r  o t h e r  

p o l l u t a n t s )  c o n c e n t r a t i o n  and  damage;  ( i i )  t h e  l o c a t i o n  of  s c a b s  

on t h e  monuments  i s  n o t  i n  a c c o r d a n c e  w i t h  t h i s  h y p o t h e s i s ;  ( i i i )  

on t h e  same monument w e  c a n  f i n d  s u l p h a t e d  a r e a s  and  

n o n - s u l p h a t e d  a r e a s ,  e x p o s e d  t o  t h e  same c o n c e n t r a t i o n  l e v e l s  of  

a t m o s p h e r i c  p o l l u t a n t s  during the same period of wetness. 

Acid  r a i n  was indicated as a n o t h e r  p o s s i b l e  c a u s e  o f  s t o n e  

d e t e r i o r a t i o n  ( s e e  e . g .  r e f . 3 ) .  Many s t u d i e s  h a v e  been  c a r r i e d  

o u t  i n  t h i s  d i r e c t i o n  w i t h  c o n t r a d i c t o r y  r e s u l t s .  I f  we o b s e r v e  a 

monument ,  we c a n  see  t h a t ,  t h e  p a r t s  more e x p o s e d  t o  t h e  damage 

c a u s e d  by r a i n ,  i . e .  t h o s e  e x p e r i e n c i n g  r u n - o f f ,  h a v e  

d e t e r i o r a t e d  i n  a d i f f e r e n t  manner  f r o m  t h o s e  p r o t e c t e d  f r o m  

r u n - o f f .  The p r o p o s e d  w e a t h e r i n g  p r o c e s s  h a s ,  i n  p r a c t i c e ,  t h r e e  

s t e p s :  ( i )  a t m o s p h e r i c  g a s e s  d i s s o l v e d  i n  w a t e r  f o r m  a c h e m i c a l l y  

a c t i v e  s o l u t i o n ;  ( i i )  t h i s  r e a c t s  w i t h  t h e  s t o n e  a n d  f o r m s  t h e  

c r u s t ,  t r a n s f o r m i n g  p a r t  o f  t h e  c a l c i t e  o f  t h e  s t a t u e  i n t o  gypsum, 

w h i c h  i s  more s o l u b l e  i n  water ;  ( i i i )  t h e  n e x t  r a i n f a l l  w a s h e s  

away t h e  c r u s t  r e m o v i n g  a l a y e r  of s t o n e  ( r e f . 4 ) .  The l o s s  o f  

mater ia l  i s  a f u n c t i o n  o f  b o t h  t h e  t h e  pH, c o n s i d e r e d  a s  a n  i n d e x  

o f  t h e  a g g r e s s i v i t y  o f  r a i n w a t e r ,  a n d  t h e  i n t e n s i t y  o f  r a i n f a l l  

( r e f . 5 )  w h i c h  s u p p l i e s  a new u n s a t u r a t e d  s o l u t i o n  i n  c o n t a c t  w i t h  

t h e  s u r f a c e .  The p r o c e s s  would  b e  more a c t i v e  i f  t h e  

p r e c i p i t a t i o n  o c c u r r e d  on  a l r e a d y  damp s t o n e .  

I n  r e a l i t y ,  on m a r b l e  monuments  t h e  z o n e s  e x p e r i e n c i n g  

r u n - o f f  a r e  t h i n n e d .  Only  r a r e l y  d o e s  t h e  p r e c i p i t a t i o n  o f  a t h i n  

l a y e r  of s p a t i c  c a l c i t e  o c c u r .  Surprising, considering the 

above mentioned stew (iii), sulphation is hardly present. 

When run-off is prevented, sulphation is at its maximum. 

T h e r e f o r e ,  o n e  m u s t  c o n c l u d e  t h a t :  (1) a n o t i c e a b l e  p a r t  o f  
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sulphur compounds that affect the stone are airborne and 

deposited via dry deposition processes; (ii) the main action of 

the acid rainfall is to thin the stone, but acid rainfall alone 

is not sufficient by itself to explain the formation of one of 

the worst kinds of stone deterioration: the formation of the well 

known black crusts, essentially composed of gypsum crystals and 

soot particles. 

The role of chemical agents has been extensively.studied 

since the problem first arose, many problems , however, remain 
still unsolved. One could suppose that both sulphur dioxide and 

acid rain are partially responsible for stone deterioration, but 

to what extent it is not easy to say. They are only part of a 

more complex process. 

In the case of relatively unpolluted towns, where marble and 

limestone sulphation is not the main cause in the deterioration 

process, biological deterioration mechanisms may be very 

important. The most active plant organisms found in the 

Mediterranean region are blue algae and lichens; and the animal 

organisms are mainly rotiphera (ref.6 and 7 ) .  The increase of 

environmental pollution levels has caused a change in the 

biological activity: epilithic species have been progressively 

substituted by endolithic organisms as these are more compa- 

tible with the new habitat. 

Careful observatioq of weathered monuments reveals that 

deterioration is not only due to chemical and biological aqents 

but is also a function of: local microclimatic conditions, of 

porosity which continues to increase with exposure (ref. 8 )  and of 

surface geometry. 

The effects of microclimatic factors (see ref.9 to 1 2 )  and 

surface geometry have not been widely studied. The aim of this 

paper is to emphasize the influence of these two hardly known 

factors and conclude with a general model on the formation of the 

different crusts and visual features of weathered carbonatic 

limestone. We will speak in general in terms of stones, but all 

the problems associated with the porosity of limestone can 
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also be extended to bricks and mortar. Special reference is 

made to limestone and marble, as the main monuments of the 

Mediterranean basin, from the classical Roman and Greek age, to 

the Gothic, the Renaissance, the Baroque epochs, are made from 

these materials. 

THE ROLE OF THE MAIN MICROCLIMATIC FACTORS 

Solar radiation causes the heat and moisture exchange 

between the atmosphere and the monument. It is well known that a 

variable input of heat causes thermal gradients and mechanical 

stress inside the monument, which can reach undesired levels near 

the juncture zones, e.g. legs of a bronze equestrian statue 

imprisoned a marble base, or bronze panels nailed onto a wooden 

door as in the many Gothic and Renaissance buildings. The zones 

weakened by severe stress may be more exposed to the risk of 

further weathering. Broad temperature cycles may enhance 

mechanical damage, especially when they are associated with an 

undesired hygrometric effect. Experimental field tests on the 

seasonal and diurnal environmental cycles combined with mathemati- 

cal models to describe general problems on specific monuments, have 

permitted the physical simulation, the reconstruction of data and a 

prediction for the future, such as in the case of the San Marc0 

Horses in Venice or the Trajan and Aurelian Columns in Rome and 

several other Basilicas (ref. I3 to 21). 

Fluxes of heat and moisture can favour or oppose the 

deposition processes of atmospheric pollutants and the adsorption 

of gases. For example, in Rome we found that the hourly sulphur 

dioxide concentration has a bi-modal diurnal distribution, but 

the effects of one of these two peaks should be considered 

negligible. In  any case, the deposition rate is a function not 

only of the concentration of pollutants in the atmosphere, but 

also of different deposition processes, that are in itself a func- 

tion of both atmospheric and surface characteristics. Moreover 

these processes are qenerally unknown. This explains how hazardous 

it would be to make a correlation between 



pollutant concentration in the atmosphere and the resulting 

damage to the stone. 

The diurnal thermal cycle of the monument associated with the 

variation of the environmental specific humidity, may cause 

condensation-evaporation cycles on the stone surface, which in 

turn depend on the stone temperature, presence and kind of 

soluble salts and the dew point of the environmental air. 

Clearly, itsis not correct to consider only the relative humidity 

of the surrounding atmosphere in order to make a model of this 

process. Less known but much more frequent are 

condensation-evaporation cycles on micropores. Condensation on 

external micropores occurs at lower equilibrium relative 

humidities with respect to a flat surface, favoured by the 

variation of the saturation vapour pressure over a meniscus 

(according to the Kelvin equation) and evaporation occurs 

symmetrically. In the internal micropores condensation depends in 

addition to the above parameters, on the spatial association, 

geometrical shape and the radii of curvature of the micropores. 

Evaporation depends on the radius of the pore outlet (ref.22, 

2 3 ) .  Therefore, considering only one waterfront inside the 

monument is a very crude approximation of the reality: one should 

consider a series of waterfronts in spatial succession in the 

stone, each one dependent on kind and critical values of  the 

pores which become filled with water at that depth. 

Not only direct solar radiation causes spatial differences in 

the surface temperature; also during the night, the infrared 

radiative loss (which is greater for horizontal surfaces which 

face the sky than for vertical ones) and the heat supplied by 

conductivity from the interior (this must be considered for a non 

homogeneous monument) lead to more moderate temperature 

dishomogeneities. The risk of condensation is higher towards the 

end of the night and early in the morning, when the specific 

humidity in the atmosphere rises and the temperature of some 

shaded parts of the monument doesn't rise above the dew point of  

micropores and surface, due to the thermal inertia of the 
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monument. This is not the only way to fill micropores: rising 

groundwater and rainfall are very effective in making buildings 

and statues damp, thus accelerating spalling, exfoliation and 

formation of deterioration crusts. 

Water in micropores is responsible for many undesirable 

effects : 

i) dissolution of some crystalline bondings and weakening of the 

mechanical resistence; recrystallization of the solute with new 

chemico-physical properties when evaporation occurs (see Fig.1). 

This process results in weakening the stone and in reducing its 

transpiration capacity, which may lead to severe deterioration 

(ref.24) such as surface microfractures, exfoliation, spalling 

and sugaring ; 

ii) transport of soluble salts through the stone, mainly due to 

rainfall, capillary rise of ground dampness, evaporation; then 

efflorescences and subflorescences, obstruction of capillary 

outlets ; 

iii) overpressure inside the porosities and capillary fringe when 

liquid water evaporates and the outlets are obstructed (as  the 

ratio of the molar volumes of liquid water and vapour is 

18:22400 ) .  However, evaporation (and this potentially distructive 

pressure) is controlled by the limited diffusivity of water 

vapour inside the pores and capillary system. However, a moderate 

but frequent overpressure may result in the flaking off of 

deteriorated surface layers; 

iv) wetting-drying cycles. Wetting is mainly due to rainfall, 

capillary rise, condensation; drying is due t o  evaporation. In 
general, a lot o f  deterioration phenomena can be related to the 

frequency of wetting-drying cycles of whatever origin, which 

involve dissolution, migration and recrystallization of soluble 

salts, as we will see below; 

v) freeze-thaw cycles in cold regions; 

vi) endolithic o r  epilithic biological activity. 
The wind is responsible f o r  many actions on a monument: it 

affects the temperature pattern especially of evaporating 
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s u r f a c e s ;  it i s  r e s p o n s i b l e  f o r  d i f f e r e n t  t y p e s  o f  w e t t i n g  o f  t h e  

monument ,  f u r n i s h i n g  a h o r i z o n t a l  component  t o  t h e  v e l o c i t y  o f  

f a l l i n g  d r o p s  a n d  c a u s i n g  p r e f e r e n t i a l  p a t h s  t o  t h e  r u n - o f f ;  i t  

i n d u c e s  t h e  r e m o v a l  o r  d e p o s i t i o n  o f  a i r b o r n e  p a r t i c l e s ;  i t  may 

c a u s e  a b r a s i v e  w e a t h e r i n g  i n  t h e  z o n e  c l o s e  t o  t h e  g r o u n d ;  i t  

c a u s e s  m e c h a n i c a l  s t r e s s ;  i t  may f a v o u r  t h e  l o s s  o f  p i e c e s  

a l r e a d y  v e r y  l o o s e  ( r e f . 2 5 ) .  

E v a p o r a t i o n  c a u s e d  by wind  t r a n s p o r t i n g  u n s a t u r a t e d  a i r  

m a s s e s  may h a v e  a d i f f e r e n t  e f f e c t  f r o m  e v a p o r a t i o n  c a u s e d  by 

s o l a r  e n e r g y  h e a t i n g  t h e  monument. Wind p l a y s  a v e r y  i m p o r t a n t  

r o l e  i n  i n c r e a s i n g  t h e  e v a p o r a t i o n  r a t e ,  w h i c h  i s  a s s o c i a t e d  w i t h  

t h e  t r a n s p o r t  t h r o u g h  t h e  s t o n e  o f  l i q u i d  w a t e r  c o n t a i n i n g  

d i s s o l v e d  s a l t s ,  a n d  r e c r y s t a l l i z a t i o n  where  e v a p o r a t i o n  h a s  

o c c u r r e d .  Wind c a u s e d  e v a p o r a t i o n  o c c u r s  t y p i c a l l y  on t h e  s u r f a c e  

o f  damp wal ls  a n d  t h e r e f o r e  i s  e f f e c t i v e  i n  t h e  t r a n s p o r t i n g  of  

s a l t s  t o  t h e  s u r f a c e  a n d  f o r m i n g  e f f l o r e s c e n c e s ,  a s  i n  V e n i c e ,  i n  

a v e r y  humid e n v i r o n m  

by s o l a r  r a d i a t i o n .  

d e v e l o p e d  i n  t h e  more 

t h e  s u r f a c e  i s  n o  

t h e  e v a p o r a t i o n  r a t e  

n t ,  where  t h e  b u i l d i n g s  a r e  o n l y  r a r e l y  h i t  

Of c o u r s e  t h e  e f f l o r e s c e n c e s  a re  more 

v e n t i l a t e d  z o n e s ,  s u c h  a s  c o r n e r s  e t c .  When 

o n g e r  s u p p l i e d  w i t h  w a t e r  f r o m  c a p i l l a r i e s ,  

d r o p s  s i n c e  e v a p o r a t i o n  now o c c u r s  i n  t h e  

i n n e r  p o r e s ,  a n d  wind  f a v o u r s  t h e  s l o w  d i f f u s i o n  o f  water v a p o u r  

a n d  t h e  c o n t i n u a t i o n  o f  t h e  p r o c e s s .  When e v a p o r a t i o n  o c c u r s  d e e p  

i n s i d e  t h e  s t o n e ,  t h e  s a l t s  d i s s o l v e d  i n  t h e  e v a p o r a t i n g  w a t e r  

c r y s t a l l i z e  i n  t h e  s t o n e  i n t e r i o r .  I n  t h i s  case  t h e  m e c h a n i c a l  

s t r u c t u r e  r e m a i n s  weakened  b u t  i n  a m i n o r  manner  and  

e f f l o r e s c e n c e s  a r e  n o t  f o r m e d ,  t h u s  r e d u c i n g  t h e  p r o b a b i l i t y  o f  

e x f o l i a t i o n .  If d u r i n g  t h e  n i g h t  c o n d e n s a t i o n  d o e s  n o t  o c c u r ,  t h e  

e f f l o r e s c e n c e s  r e m a i n  on  t h e  s u r f a c e  and  c a n  b e  p e r i o d i c a l l y  

washed  away by r a i n .  In  t h e  c a s e  o f  r e g u l a r  c o n d e n s a t i o n  d u r i n g  

t h e  n i g h t  ( a s  i n  V e n i c e ) ,  t h e  e x t e r n a l  e f f l o r e s c e n c e s  c a n  m i g r a t e  

a g a i n  i n t o  t h e  o u t e r  l a y e r  of  t h e  damp w a l l s ,  a c c e l e r a t i n g  t h e  

d i s t r u c t i v e  p r o c e s s .  

S o l a r  r a d i a t i o n  s u p p l i e s  e n e r g y  t o  t h e  s t o n e  a n d  t h e  l i q u i d  

water on  t h e  s u r f a c e  a n d  i n s i d e ,  so t h a t  e v a p o r a t i o n  may o c c u r  
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a l s o  i n  t h e  i n t e r n a l  m i c r o p o r e s  when t h e  t e m p e r a t u r e  of  t h e  w a l l  

r a i s e s  t h e  i n t e r n a l  r e l a t i v e  h u m i d i t y  o v e r  c r i t i c a l  l e v e l s  w h i c h  

l o c a l l y  d e p e n d  on t h e  c o m p l e x  g e o m e t r y  o f  t h e  p o r e s  a n d  t h e i r  

o u t l e t s .  The f a c t o r  l i m i t i n g  t h i s  p r o c e s s  i s  t h e  low d i f f u s i v i t y  

of w a t e r  v a p o u r  t h r o u g h  t h e  p o r e  a n d  c a p i l l a r y  s y s t e m ,  w h i c h  c a n  

b e  i n c r e a s e d  by  wind  a c t i o n .  The low d i f f u s i v i t y  t e n d s  t o  r a i s e  

t h e  i n t e r n a l  r e l a t i v e  h u m i d i t y  a n d  s t o p s  e v a p o r a t i o n  when new 

w a t e r  v a p o u r  i s  a d d e d  t o  t h e  i n t e r n a l  a t m o s p h e r e .  However ,  t h e  

i n c r e a s e  o f  t h e  p r e s s u r e  w i t h i n  t h e  c a p i l l a r y  a n d  p o r o u s  s y s t e m  

c a u s e d  by t h e  warming o f  t h e  i n t e r n a l  a t m o s p h e r e ,  d i s p l a c e s  p a r t  

o f  t h e  l i q u i d  water w h i c h  i s  i n  t h e i r  n e c k s ,  o u t  o f  i t s  o r i g i n a l  

p o s i t i o n ,  s o  t h a t  a s m a l l  p o r t i o n  may a l s o  b e  f o r c e d  o u t s i d e  t h e  

s t o n e  i n  i t s  l i q u i d  p h a s e  ( r e f . 2 3 ) .  The e v a p o r a t i o n  o c c u r r i n g  i n  

t h e  i n t e r i o r  s t o n e  i s  l e s s  d a n g e r o u s ,  a s  we h a v e  a l r e a d y  s e e n .  

A n o t h e r  n o t i c e a b l e  e f f e c t  of t h e  wind  i s  a s s o c i a t e d  w i t h  i t s  

g u s t y  c h a r a c t e r  ( a n d  w i t h  t h e  i n s t a b i l i t y  g e n e r a t e d  by  e d d i e s  

f o r m e d  on  t h e  monument t o  a l esser  e x t e n t ) ,  w h i c h  a l t e r n a t i v e l y  

c a u s e s  r a p i d  o v e r  a n d  u n d e r p r e s s u r e s  b e t w e e n  t h e  a i r  i n s i d e  t h e  

p o r o s i t i e s  a n d  c a p i l l a r i e s ,  a n d  t h e  a i r  e x t e r n a l  t o  t h e  monument, 

s o  t h a t  a n e t  a l t e r n a t i n g  f o r c e  i s  a p p l i e d  t o  t h e  s u r f a c e .  T h i s  

t e n d s  t o  d e t a c h  s u p e r f i c i a l  l a y e r s  p o o r l y  a t t a c h e d ,  that have 

a r e d u c e d  t r a n s p i r a t i o n  c a p a b i l i t y .  

D u r i n g  r a i n f a l l  t h e  f l u c t u a t i o n s  i n  t h e  e x t e r n a l  p r e s s u r e  a n d  

t h e  d y n a m i c a l  i m p e d a n c e  o f  p o r e s  a n d  c a p i l l a r i e s  c a u s e  

a l t e r n a t i n g  p r e s s u r e  g r a d i e n t s  b e t w e e n  t h e  s t o n e  s u r f a c e  a n d  i t s  

i n t e r i o r .  T h i s  e f f e c t ,  a s s o c i a t e d  w i t h  t h e  s i n k  e f f e c t  o f  

i n t e r n a l  p o r o s i t i e s  r e s u l t s  i n  a n e t  t r a n s p o r t  a n d  t r a p p i n g  o f  

e x t e r n a l  w a t e r  i n s i d e  t h e  monument .  C a p i l l a r y  s u c t i o n  o f  t h e  

water on  t h e  s u r f a c e  o f  monuments  i s  a n o t h e r  mechanism f o r  

r a i n w a t e r  p e n e t r a t i o n .  

Long term d y n a m i c  v a r i a t i o n s  o f  p r e s s u r e ,  a s  o c c u r  l o c a l l y  

d u e  t o  a d i s t u r b a n c e  i n  t h e  mean wind  f i e l d  a s  c a u s e d  by a n  

o b s t a c l e ,  c a n  b e  e f f e c t i v e  i n  v a r y i n g  t h e  r i s e  o f  g r o u n d  

d a m p n e s s ,  s i n c e  t h e  i n d u c e d  p r e s s u r e  g r a d i e n t  i n c r e a s e s  o r  

o p p o s e s  t h e  e f f e c t s  o f  c a p i l l a r i t y  a n d  o s m o s i s .  T h e s e  l o n g  term 
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p r e s s u r e  g r a d i e n t s  a c r o s s  w a l l s  make a n e g l i g i b l e  c o n t r i b u t i o n  i n  

f a v o u r i n g  o r  o p p o s i n g  p e n e t r a t i o n  o f  r a i n w a t e r  t h r o u g h  s t o n e  a n d  

m o r t a r ,  b u t  may b e  i m p o r t a n t  i n  t h e  c a s e  o f  c r a c k s .  

In  p o l l u t e d  r e g i o n s  t h e  wind  i s  a v e r y  i m p o r t a n t  f a c t o r  i n  

t r a n s p o r t i n g  a n d  d i f f u s i n g  a i r b o r n e  p o l l u t a n t s .  

R a i n f a l l  i s  o n e  o f  t h e  most i m p o r t a n t  m e t e o r o l o g i c a l  a g e n t s ,  

e s p e c i a l l y  when i t  i s  a s s o c i a t e d  w i t h  w i n d .  P r o t r u n d i n g  p a r t s  o f  

monuments  ( l i k e  a n  a r m )  and  lower p a r t s  of  b u i l d i n g s  a r e  l e s s  

e x p o s e d  d u e  t o  t h e  d e f l e c t i o n  o f  t h e  wind f i e l d  t r a n s p o r t i n g  

f a l l i n g  d r o p l e t s .  A p a r t  f r o m  t h e  t r a n s p o r t  of h e a t  a n d  momentum, 

r a i n f a l l  i s  r e s p o n s i b l e  f o r  s u p p l y i n g  l a r g e  a m o u n t s  o f  l i q u i d  

w a t e r ,  w h i c h  c a n n o t  b e  s u p p l i e d  by means o f  c o n d e n s a t i o n .  The 

amount  o f  water s u p p l i e d  by p r e c i p i t a t i o n  c a u s e s  r u n - o f f  o r  may 

o n l y  wet t h e  s u r f a c e ,  d e p e n d i n g  on wind s p e e d  and  d i r e c t i o n ,  

l o c a l  t o p o g r a p h y ,  e x p o s u r e  and  g e o m e t r y  of t h e  s u r f a c e .  The w a t e r  

s u p p l i e d ,  when a s s o c i a t e d  w i t h  a g g r e s s i v e  c h e m i c a l  a g e n t s ,  may 

p r o v o k e  c h e m i c a l  r e a c t i o n s  a n d  t h e  d i s s o l u t i o n  o f  t h e  s t o n e .  

The d y n a m i c  r e g i m e  of t h e  w a t e r  f l o w i n g  o v e r  t h e  s t o n e  i s  

i m p o r t a n t .  I n  t h e  z o n e s  c h a r a c t e r i z e d  by a l a m i n a r  r e g i m e  t h e  

l o s s  o f  ma te r i a l  i s  l e s s  t h a n  i n  z o n e s  w i t h  a t u r b u l e n t  f l o w ,  

w h e r e  m e c h a n i c a l  a n d  c h e m i c a l  a c t i v i t y  ( d u e  t o  t h e  m i x i n g  of  

w a t e r  i n  c o n t a c t  w i t h  t h e  s t o n e )  a r e  i n c r e a s e d .  I n  h i g h l y  p o r o u s  

s t o n e ,  r u n - o f f  i s  p r o g r e s s i v e l y  a t t e n u a t e d  by t h e  s u c t i o n  o f  

w a t e r ,  s o  t h a t  t h e  u p p e r  p a r t  of t h e  d e s c e n d i n g  s t r e a m ,  w h i c h  h a s  

a b u n d a n t  w a t e r  i n  a t u r b u l e n t  r e g i m e ,  i s  v e r y  e f f i c i e n t  i n  

d i s s o l v i n g  t h e  s t o n e  a n d  r e m o v i n g  m a t e r i a l ;  t h e  l o w e r  p a r t  i n  a 

l a m i n a r  r e g i m e  d e p o s i t s  t h e  m a t e r i a l  p r e v i o u s l y  r e m o v e d ;  f i n a l l y  

t h e  s t r e a m  d i s a p p e a r s  a f t e r  t h e  s u c t i o n  o f  t h e  r u n n i n g  w a t e r .  

R a i n f a l l  i n t e n s i t y  i s  a l s o  i m p o r t a n t .  D r i z z l e  may a c t i v a t e  

t h e  d r y  d e p o s i t  w i t h o u t  w a s h i n g  i t  away,  a s  i n  t h e  c a s e  of h e a v y  

s h o w e r s .  I n  t h i s  c a s e  t h e  pH of r a i n f a l l  i s  c l e a r l y  o f  s e c o n d a r y  

i m p o r t a n c e ,  c o m p a r e d  w i t h  t h e  a c i d i t y  d e r i v i n g  f r o m  t h e  d r y  

d e p o s i t i o n .  Q u a n t i t a t i v e  f i e l d  m e a s u r e m e n t s  show t h a t  t h e  l o s s  i n  

w e i g h t  o f  t h e  l i m e s t o n e  s a m p l e s  v a r i e s  a c c o r d i n g  t o  t h e  g e o m e t r y  

a n d  e x p o s i t i o n  b o t h  o f  w h i c h  d e t e r m i n e  t h e  t o t a l  amount  o f  w a t e r  
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r u n n i n g  o v e r  t h e  s u r f a c e .  

F r e q u e n c y  a n d  s e a s o n a l  d i s t r i b u t i o n  o f  r a i n f a l l  a r e  i m p o r t a n t  

f a c t o r s  i n  t h e  m a i n t e n a n c e  o f  t h e  w a t e r  c o n t e n t  i n  b r i c k s  o r  

s t o n e s ,  w h i c h  i s  e s s e n t i a l  i n  t h e  c a s e  o f  some b i o l o g i c a l  o r  

c h e m i c o - p h y s i c a l  w e a t h e r i n g .  

C o n d e n s a t i o n - e v a p o r a t i o n  c y c l e s  i n  t h e  m i c r o p o r e s  a r e  

i m p o r t a n t  d u e  t o  t h e i r  f r e q u e n c y  w h i c h  c a n  e v e n t u a l l y  c o n t r i b u t e  

t o  t h e  i n c r e a s e  i n  t h e  d e p o s i t i o n  p r o c e s s e s  a n d  w e a t h e r i n g .  

C o n d e n s a t i o n  f i r s t  o c c u r s  i n  t h e  c a v i t i e s  w i t h  s m a l l e r  r a d i i ,  t h e  

l a r g e r  p o r e s  r e t a i n  t h e i r  a i r ,  t h e  o u t l e t s  b e i n g  o b s t r u c t e d  by 

c o n d e n s e d  water, l i k e  a b o t t l e  t u r n e d  u p s i d e  down a n d  immersed  i n  

w a t e r .  T h u s ,  f u r t h e r  c o n d e n s a t i o n  i s  p r e v e n t e d .  The p r o c e s s  

c o n t i n u e s  when a v a r i a t i o n  i n  p r e s s u r e  ( i n d u c e d  by wind  g u s t s  o r  

by  a v a r i a t i o n  i n  t h e  t e m p e r a t u r e  o f  t h e  s t o n e )  f o r c e s  t h e  w a t e r  

o u t  o f  i t s  o r i g i n a l  p o s i t i o n  t o  b e  t r a p p e d  i n  t h e  n e x t ,  l a r g e r  

p o r e  ( r e f . 2 3 ) .  E x t e r n a l  c o n d e n s a t i o n ,  f o l l o w e d  by c a p i l l a r y  

s u c t i o n  b r i n g s  a b o u t  a g r e a t e r  d e g r e e  o f  damping  of t h e  s t o n e .  

However ,  d u e  t o  t h e  c o n d e n s a t i o n  i n  t h e  s m a l l e r  b o t t l e n e c k s ,  t h e  

a i r  p o c k e t s  i n  t h e  i n t e r i o r  o f  t h e  c a p i l l a r y  s y s t e m  may s t o p  t h i s  

p r o c e s s .  

P h o r e t i c  t r a n s p o r t  o f  a i r b o r n e  p o l l u t a n t s  a n d  t h e i r  c a p t u r e  

on  t h e  s t o n e  s u r f a c e  a r e  r e g u l a t e d  by c o n d e n s a t i o n .  However ,  

c o n d e n s a t i o n  i s  l e s s  i m p o r t a n t  t h a n  r a i n f a l l  i n  t h e  d e t e r i o r a t i o n  

p r o c e s s ,  a s  c a n  b e  s e e n  i f  z o n e s  e x p o s e d  t o  c o n d e n s a t i o n  b u t  

p r o t e c t e d  f r o m  r a i n w a t e r ,  a r e  c o m p a r e d  w i t h  z o n e s  e x p o s e d  t o  

b o t h .  The r e a s o n  i s  t h a t ,  i n  g e n e r a l ,  c o n d e n s a t i o n  s u p p l i e s  a n  

i n s u f f i c i e n t  amount  o f  w a t e r  f o r  t h e  f o r m a t i o n  o f  a n  a g g r e s s i v e  

s o l u t i o n  ( a  h e a v y  dew f o r m i n g  on  a n  h o r i z o n t a l  s u r f a c e  i s  a b o u t  

0 . 5  mm p e r  n i g h t ,  a n d  i s  much l e s s  on  v e r t i c a l  s u r f a c e s ) .  

C o n d e n s a t i o n  i s  m a i n l y  a c t i v e  o n  t h e  lower p a r t  o f  t h e  s t o n e  

monuments  w i t h  p o o r  p o r o s i t y ,  w h e r e  t h e  l a r g e s t  d r o p s  r u n n i n g  

a l o n g  t h e  s u r f a c e  c o l l e c t .  More o f t e n  c o n d e n s e d  water i s  

g r a d u a l l y  a b s o r b e d  by  t h e  d r y  d e p o s i t ,  t h e  e x t e r n a l  w e a t h e r e d  

l a y e r  a n d  t h e  i n n e r  p o r o s i t i e s ,  so t h a t  s e v e r e  d e t e r i o r a t i o n  

p r o c e s s e s  are  n o t  t r i g g e r e d .  Under l o g g i a s ,  p o r t i c o s ,  t e r r a c e s  
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where  d i r e c t  r a i n f a l l  o r  w i n d b o r n e  d r o p r e t s  d o  n o t  a r r i v e ,  we see 

t h a t  t h e  s t o n e  i s  we l l  c o n s e r v e d ,  d e m o n s t r a t i n g  t h a t  c o n d e n s e d  

w a t e r  i s  n o t  s u f f i c i e n t  t o  t r i g g e r  severe  p h y s i c o - c h e m i c a l  

d e t e r i o r a t i o n ,  u n l i k e  what  i s  p o p u 1 a r l . y  b e l i v e d .  

Condensed  w a t e r  may b e  s u f f i c i e n t  t o  s u s t a i n  b i o l o g i c a l  

a c t i v i t y ,  e s p e c i a l l y  i n  p e r i o d s  of scarce p r e c i p i t a t i o n .  

W e t t i n g - d r y i n g  c y c l e s  i n d u c e  s e v e r e  w e a t h e r i n g .  S t e a d y - s t a t e  

c o n d i t i o n s  would  b e  h i g h l y  d e s i r a b l e .  I t  i s  o b v i o u s  t h a t  f o r  

p o r o u s  m a t e r i a l s  t h e  l e a s t  c o n v e n i e n t  e n v i r o n m e n t a l  l e v e l s  o f  

r e l a t i v e  h u m i d i t y  a r e  t h o s e  i n  w h i c h  s m a l l  v a r i a t i o n s  i n  t h e  

r e l a t i v e  h u m i d i t y  c a u s e  t h e  g rea t e r  d i f f e r e n c e  i n  t h e  w a t e r  

a d s o r b e d  by  t h e  s t a t u e .  T h i s  o c c u r s  most  o f t e n  a t  i n t e r m e d i a t e  

h u m i d i t y  l e v e l s .  T h e r e f o r e  extreme v a l u e s  a r e  p r e f e r r e d .  However ,  

n e a r - s a t u r a t i o n  c o n d i t i o n s  may b e  c o n d u c i v e  t o  b i o l o g i c a l  a t t a c k ,  

a n d  t h e  work o f  a r t  r i s k s  severe e f f l o r e s c e n c e s .  D r y i n g  c a u s e s  

s i g n i f i c a n t  m e c h a n i c a l  damage ,  e s p e c i a l l y  when t h i s  o c c u r s  a t  a 

h i g h  r a t e .  S t i l l  w a t e r ,  may c o n s e r v e  a n  a r t i f a c t  w i t h o u t  r a i s i n g  

s e r i o u s  p r o b l e m s .  T h e s e  a r i s e  when p a r t  o f  t h e  m a t e r i a l  c a n  b e  

d i s s o l v e d ,  a n d  t h i s  o c c u r s  t y p i c a l l y  when t h e  body i s  immersed  

i n ,  o r  w a t e r  f l o w s  o v e r  i t .  In g e n e r a l  t h e  b e s t  c o n d i t i o n s  a r e  

f o u n d  i n  s t e a d y ,  d r y  e n v i r o n m e n t s .  

F r e e z e  - t h a w  c y c l e s  a r e  l e s s  f r e q u e n t  t h a n  

c o n d e n s a t i o n - e v a p o r a t i o n  c y c l e s  i n  t h e  M e d i t e r r a n e a n  r e g i o n ,  b u t  

t h e  m e c h a n i c a l  s t r u c t u r e  may b e  s u b j e c t e d  t o  s t r e s s  t h u s  c a u s i n g  

s u r f a c e  s c a l i n g ,  e x f o l i a t i o n  a n d  c r a c k i n g .  The damage i s  

g e n e r a l l y  g r e a t e r  f o r  m a t e r i a l s  h a v i n g  s m a l l  p o r o s i t i e s .  

H o a r f r o s t  i s  n o t  r e s p o n s i b l e  f o r  t h i s  k i n d  o f  damage .  H o a r f r o s t  

i s  a d e p o s i t  o f  i c e  c r y s t a l s  by  d i r e c t  s u b l i m a t i o n  on o b j e c t s  

w i t h  t e m p e r a t u r e s  b e l o w  f r e e z i n g .  The c r i t i c a l  t e m p e r a t u r e ,  1 . e .  

t h e  f r o s t - p o i n t ,  c a n  b e  c a l c u l a t e d  a s  a f u n c t i o n  of t h e  

e n v i r o n m e n t a l  s p e c i f i c  h u m i d i t y  by  means  o f  t h e  Magnus e q u a t i o n .  

When t h e  m o i s t u r e  c o n t e n t  i n  t h e  a t m o s p h e r e  i s  v e r y  l o w ,  

s a t u r a t i o n  o c c u r s  a t  b e l o w  z e r o  t e m p e r a t u r e s ,  b u t  s a t u r a t i o n  w i t h  

r e s p e c t  t o  i c e  o c c u r s  a t  a h i g h e r  t e m p e r a t u r e  t h a n  s a t u r a t i o n  

w i t h  r e s p e c t  t o  s u p e r c o o l e d  w a t e r ,  s o  t h a t  i n  p r a c t i c e  we see t h e  
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f o r m a t i o n  o f  h o a r f r o s t  a n d  n o t  o f  s u p e r c o o l e d  dew.  H o a r f r o s t  i n  

p o r e s  i s  n o t  a d r a m a t i c  e v e n t ,  s i n c e  d i r e c t  s u b l i m a t i o n  o c c u r s  a t  

v e r y  s l o w  r a t e s  a n d  t h e  g r o w i n g  i ce  c r y s t a l s  o c c u p y  o n l y  a s m a l l  

p a r t  o f  t h e  f r e e  s p a c e  i n  t h e  m i c r o c a v i t i e s ,  a s  t h e  d i s p o s a b l e  

v a p o u r  i s  v e r y  l i m i t e d  a n d  i t s  s u p p l y  f r o m  t h e  e x t e r n a l  

a t m o s p h e r e  i s  n e g l i g i b l e .  D e t e r i o r a t i o n  o c c u r s  i n  t h e  case o f  

f r o z e n  dew,  i . e .  when t h e  t e m p e r a t u r e  of t h e  s t o n e  d e s c e n d s  b e l o w  

t h e  dew p o i n t  of t h e  m i c r o p o r e s ,  s o  t h a t  t h e y  c a n  f i l l  w i t h  

water ,  a n d  t h e n  s u c c e s s i v e l y  b e l o w  z e r o .  The l a r g e r  p o r e s  w h i c h  

r a r e l y  become f i l l e d  w i t h  w a t e r ,  a r e  l ess  e x p o s e d  t o  t h i s  r i s k .  

Snow d e p o s i t e d  on  s t o n e  h a s  b e e n  r e c o g n i z e d  a s  i n h i b i t i n g  

s u l p h a t e  p r e c i p i t a t i o n ;  it w a s h e s  o u t  s u l p h u r i c  a c i d  a n d  

e v e n t u a l l y  l e a d s  t o  t h e  p r e c i p i t a t i o n  o f  c a l c i u m  c a r b o n a t e  

( r e f . 2 6 ) .  The e f f e c t  o f  w e t t i n g  t h e  u n d e r l y i n g  s t o n e  d u r i n g  t h e  

m e l t i n g  s e q u e n c e  i s  more d a n g e r o u s ,  a s  t h i s  w a t e r  i n  t h e  s t o n e  

may b e  s u b j e c t  t o  f r e e z e - t h a w  c y c l e s ,  t h u s  i n d u c i n g  

c r i o c l a s t i c i t y .  

In  humid e n v i r o n m e n t s  w i t h  v e r y  low o r  low p o l l u t i o n  l e v e l s ,  

b i o l o g i c a l  w e a t h e r i n g  r e s u l t s  on a t h i n  s u r f a c e  l a y e r  ( a  f e w  

h u n d r e d  m i c r o n s ) .  Among a wide  s e r i e s  o f  b i o l o g i c a l  p r o c e s s e s ,  

s p e c i a l  a t t e n t i o n  s h o u l d  b e  g i v e n  t o  t h e  a c t i v i t y  of  a l g a e ,  f u n g i  

a n d  l i c h e n s .  A s  a r e s u l t  of t h e i r  a c t i o n ,  t h e  p r e c i p i t a t i o n  o f  

c a l c i u m  o x a l a t e s  ( w e d d e l l i t e  a n d  w h e w e l l i t e )  h a s  b e e n  f o u n d  i n  

some cases  ( r e f . 6 ,  7 )  

By means  of  m i c r o c l i m a t i c  s t u d i e s  and  m i c r o p h y s i c a l  

i n v e s t i g a t i o n  a s s o c i a t e d  t o g e t h e r  w i t h  m i n e r a l o g i c  and  c h e m i c a l  

a n a l y s e s  o f  s a m p l e s  o f  w e a t h e r e d  m a t e r i a l ,  p a r t  o f  t h e  a b o v e  

p r o c e s s e s  h a v e  b e e n  a n a l y z e d .  O b s e r v a t i o n  of  many monuments  f r o m  

d i f f e r e n t  e p o c h s  a n d  s i t u a t e d  i n  v a r i o u s  s i t e s ,  h a s  t h r o w n  l i g h t  

on t h e s e  f u n d a m e n t a l  p r o c e s s e s ,  w h i c h  a r e  o f t e n  a s s o c i a t . e d  w i t h ,  

o r  masked b y ,  o t h e r  e f f e c t s .  

COMBINED A C T I O N  OF POLLUTANTS AND RAINFALL 

In t h i s  c e n t u r y  a i r  p o l l u t i o n  h a s  c h a n g e d  n o t  o n l y  

q u a n t i t a t i v e l y ,  b u t  a l s o  q u a l i t a t i v e l y .  High p o l l u t i o n  l e v e l s  
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a l r e a d y  e x i s t e d  b e f o r e  t h e  p r e s e n t  t i m e ,  a s  we c a n  j u d g e  f r o m  

p a s t  r e g u l a t i o n s  ( r e f . 2 7 ,  28,  29) .  However ,  h i g h  c o n c e n t r a t i o n s  

o f  c a r b o n a c e o u s  p a r t i c l e s  d u e  t o  t h e  c o m b u s t i o n  p r o c e s s e s  

( e s p e c i a l l y  o f  o i l )  a r e  c h a r a c t e r i s t i c  o f  t h i s  c e n t u r y .  A 

c o r r e l a t i o n  b e t w e e n  t h e i r  i n c r e a s e d  a p p e a r a n c e  a n d  s t o n e  d e c a y  i s  

n o t  c a s u a l ,  a n d  t h e i r  r o l e  i n  t h e  d e c a y  o f  monuments  seem t o  be  

c l e a r e r  t h a n  i n  t h e  c a s e  o f  o t h e r  c h e m i c a l  c o m p o n e n t s .  I n  f a c t  

t h e s e  c e n o s p h e r e s  c o n t a i n  many a g g r e s s i v e  e l e m e n t s  and  c a t a l y s t s ,  

a n d  a re  c h a r a c t e r i z e d  by a n  e x t e n s i v e  s p e c i f i c  s u r f a c e  ( r e f . 3 0 ,  

3 1 ,  3 2 ,  3 3 ) .  They become a c t i v e  when w e t t e d  by w a t e r ,  f o r m i n g  a 

v e r y  a g g r e s s i v e  s o l u t i o n  w h e r e  t h e  wet d e p o s i t e d  a c i d i t y  i s  

n o t i c e a b l y  e n r i c h e d  by  t h e  d r y  d e p o s i t  a l r e a d y  e x i s t i n g  on t h e  

s u r f a c e .  T h e s e  p a r t i c l e s  h a v e  b e e n  f o u n d  t o  b e  a n  e s s e n t i a l  

component  o f  t h e  b l a c k  c r u s t s ,  w h i c h  a r e  m a i n l y  composed of 

gypsum c r y s t a l s  i n  w h i c h  t h e s e  s o o t  p a r t i c l e s  a r e  embedded 

( r e f . 3 4 ,  3 5 ) .  A n a l y s i s  o f  b l a c k  p a r t i c l e s  a n d  of  t h e  d e t e r i o r a t e d  

l a y e r s  o f  u r b a n  monuments  l e d  t o  t h e  c o n c l u s i o n  t h a t  n o t  a l l  t h e  

gypsum i n  t h e  c r u s t s  on m a r b l e  monuments  is d e r i v e d  f r o m  t h e  

t r a n s f o r m a t i o n  o f  t h e  u n d e r l y i n g  r o c k ,  b u t  i t  i s  a l s o  e n u c l e a t e d  

by t h e s e  b l a c k  p a r t i c l e s  ( s e e  F i g . 2 ) .  For  t h i s  r e a s o n  t h e y  r e m a i n  

more r e a d i l y  embedded i n  t h e  b l a c k  c r u s t ,  o r  a t t a c h e d  t o  non 

c a r b o n a t i c  s u r f a c e s ,  s u c h  a s  meta ls ,  wood o r  g l a s s ,  where  t h e y  

f o r m  b l a c k  gypsum c r u s t s .  

The m a i n  w e a t h e r i n g  p r o c e s s e s  a r e  d u e  t o  t h e  combined  a c t i o n  

o f  r a i n w a t e r  a n d  v a r i o u s  a t m o s p h e r i c  p o l l u t a n t s  ( p a r t i c u l a r l y  

c a r b o n a c e o u s  p a r t i c l e s ) .  In  a n  u r b a n  e n v i r o n m e n t  t h e  d r y  d e p o s i t  

on t h e  s u r f a c e  o f  a monument may be  g r e a t e r  t h a n  a f a c t o r  of  t e n  

i n  c o m p a r i s o n  t o  p o l l u t a n t s  s c a v e n g e d  by r a i n  f r o m  t h e  

a t m o s p h e r e ,  i n  b o t h  t h e  r a i n o u t  and  w a s h o u t  p h a s e s .  The way i n  

w h i c h  t h e  monument s u r f a c e  i s  w e t t e d  i s  v e r y  i m p o r t a n t .  The 

d e t e r i o r a t i o n  o f  c a r b o n a t i c  r o c k s  i n  u r b a n  a r e a s  c a n  be  r o u g h l y  

c l a s s i f i e d  i n t o  t h r e e  k i n d s  o f  v i s i b l y  d i s t i n g u i s h a b l e  f e a t u r e  

p a t t e r n s :  b l a c k ,  w h i t e  a n d  g r e y  a r e a s .  The way l i q u i d  w a t e r  

c o n t r o l s  b o t h  t h e  r a t e  a n d  t h e  m o r p h o l o g y  o f  t h e  d e t e r i o r a t i o n  

c r u s t s  f o r m e d  on  t h e  s t o n e  a s  o b s e r v e d  i n  t h e  f i e l d ,  i n d i c a t e s  
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t h a t  l o c a l  r a i n f a l l  i s  a c r i t i c a l  f a c t o r  i n  d e t e r m i n i n g  t h e  t y p e  

o f  d e t e r i o r a t i Q n  ( s e e  F i g . 3 ;  r e f  .36  t o  4 1 .  These  r e s u l t s  a r e  

e x t e n s i v e l y  r e p o r t e d  w i t h  some i n a c c u r a c i e s  i n  r e f . 4 2  ( p p  

145-148)  w h e r e  t h e  s o u r c e  i s  n o t  c i t e d ) .  

B l a c k  c r u s t s ,  c h a r a c t e r i z e d  by  gypsum c r y s t a l s  and  c a l c i t e  

w i t h  c a r b o n a c e o u s  p a r t i c l e s  embedded i n  t h e  c r u s t s  ( s e e  F i g . 4 ) ,  

a r e  f o r m e d  i n  z o n e s  w h e r e  t h e  s u r f a c e  o f  t h e  monument i s  o n l y  

w e t t e d  by w i n d b o r n e  d r o p l e t s  o r  by p e r c o l a t i o n  a t  t h e  e d g e s  o f  

t h e  d e s c e n d i n g  s t reams,  b u t  where  r u n - o f f  i s  p r e v e n t e d .  T h e i r  

o r i g i n  i s  a s s o c i a t e d  w i t h  t h e  c a p t u r e  o f  c a r b o n a c e o u s  p a r t i c l e s  

a n d  s u f f i c i e n t  w e t t i n g .  Under t h e s e  c o n d i t i o n s  a n  a g g r e s s i v e  

s o l u t i o n  f o r m s  on  t h e  m a r b l e  ( o r  l i m e s t o n e )  s u r f a c e  w h i c h  i s  

d i s s o l v e d  a n d  p r o g r e s s i v e l y  t r a n s f o r m e d  i n t o  gypsum w h i c h  

c r y s t a l l i z e s ,  i n  w h i c h  t h e  c a r b o n a c e o u s  a s  we l l  a s  t h e  o t h e r  

p a r t i c l e s  d e p o s i t e d  i n  t h e  meant ime a r e  embedded ( s e e  F i g . 5 ) .  

F u r t h e r  gypsum c r y s t a l s  are  e n u c l e a t e d  by t h e  c a r b o n a c e o u s  

p a r t i c l e s ,  when t h e s e  a r e  w e t t e d .  T h i s  s t r u c t u r e  i s  v e r y  p o r o u s ,  

t h u s  f a v o u r i n g  r e t e n t i o n  o f  w a t e r  a n d  c a p t u r e  o f  o t h e r  p a r t i c l e s .  

Whenever  w e t t e d ,  t h e  a c t i v e  s o l u t i o n  f o r m s  a n d  t h e  p r o c e s s  of 

d e t e r i o r a t i o n  c o n t i n u e s ,  and  t h e  c r u s t  g r o w s  i n  t h i c k n e s s  a t  t h e  

e x p e n s e  o f  t h e  u n d e r l y i n g  s t o n e  a n d  a l s o  d u e  t o  t h e  e n u c l e a t i o n  

o f  f u r t h e r  gypsum f r o m  t h e  p a r t i c l e s .  For  t h i s  r e a s o n  t h e  damage 

i s  a f u n c t i o n  o f  t h e  t ime  i n  w h i c h  t h e  whole  c r u s t  i s  c o m p l e t e l y  

s o a k e d  a n d  r e l e a s e s  t h e  a g g r e s s i v e  s o l u t i o n ,  and  n o t  o f  t h e  s o  

c a l l e d  t ime o f  w e t n e s s .  

S i m i l a r l y ,  s p h e r i c a l  s i l i c e o u s  p a r t i c l e s  ( s m o o t h ,  s p h e r i c a l  

a n d  t r a n s p a r e n t )  h a v e  b e e n  o b s e r v e d  i n  t h e  gypsum p a t i n a  of 

monuments  o f  d i f f e r e n t  c o u n t r i e s  w h e r e  c o a l  c o m b u s t i o n  i s  

i m p o r t a n t  i n  t h e  p r o d u c t i o n  of e n e r g y  e . g .  t h e  C a t h e d r a l  of 

B r u g g e s ,  S .  S t e p h a n ' s  C a t h e d r a l  i n  V i e n n a  a n d  many E n g l i s h  

monuments  i n  London a n d  E d i n b o r o u g h .  The r o l e  p l a y e d  by t h e s e  

s i l i c e o u s  p a r t i c l e s  i n  , w e a t h e r i n g  p r o c e s s e s  shows c e r t a i n  

a n a l o g i e s  w i t h  t h e  o i l  f i r e d  c a r b o n a c e o u s  p a r t i c l e s  ( e . g .  

n u c l e a t i o n  o f  gypsum c r y s t a l s ,  c o n t r i b u t i o n  o f  s u p h u r ,  e t c . )  

For  c o n s e r v a t i o n  p u r p o s e s ,  i t  i s  n e c e s s a r y  t o  c o m p l e t e l y  
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remove these highly aggressive crusts. Special government 

intervention, such as the special law enacted for Venice in 

1973, which prohibited the combustion of oil in Venice, 

effectively reduced the sulphur dioxide levels and the airborne 

cenospheres, but the situation of the black crusts on the 

monuments, remained unchanged so that the deterioration process 

continued relatively unalterd. 

Zones experiencing heavy run-off are subject to partial 

dissolution, washout and partial recystallization of the 

underlying rock. This process results in a thinning of the stone 

and the formation of small authigenic crystals which are white in 

appearance (white areas; see Fig.6). The thinning depends on both 

the chemical activity and the dynamic state of the running water, 

as discussed earlier. 

The grey areas do not have characteristics midway between the 

black and white ones. Their colour is due to the dry deposition 

occurring in zones which remain dry (see Fig.7), except for 

condensation. A greater supply of water would trigger the 

formation of an aggressive solution and transform the grey areas 

into black ones. The passage of a rivulet of water would 

eventually form a white bed. Dangerous chemical reactions are 

prevented by the scarcity of the water supplied to this zone. 

DECAY PROCESSES OF MURALS AND FRESCOES BOTH INSIDE AND OUTSIDE 

After having discussed the main deterioration processes on 

the external surface of stone monuments, it seems appropriate 

also to consider some of the specific problems affecting 

exceptionally precious mortars: i.e. murals and frescoes. 

However, as they are often inside, a brief note would suffice in 

the context of this paper. We will therefore only report a few 

examples, relative to the thermodynamic theory that we have 

proposed in order to identify the causes of the deterioration 

processes. The clarifying case studies made on the Giotto and 

Michelangelo frescoes and the Leonard0 mural have been 

extensively described in other papers (ref.43 to 48 and 19). 
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C o n s e r v a t i o n  o f  m u r a l s  a n d  f r e s c o e s  r iseses  more d e l i c a t e  and  

c o m p l e x  p r o b l e m s  t h a n  c o n s e r v a t i o n  o f  s t o n e .  In f a c t ,  m o r t a r  i s  

more p o r o u s ,  s o  t h a t  t h e  w e t t i n g - d r y i n g  c y c l e s  a r e  g r e a t e r  and 

more d i s t r u c t i v e ;  i t  c o n t a i n s  a l a r g e r  q u a n t i t y  of  s o l u b l e  s a l t s  

a n d  i s  more e x p o s e d  t o  t h e  r i s k  o f  e f f l o r e s c e n c e  w h i c h  c o v e r s  t h e  

i m a g e .  M o r t a r  h a s  t h e r m a l  c h a r a c t e r i s t i c s  w h i c h  v a r y  w i t h  t h e  

m o i s t u r e  c o n t e n t  a n d  t h e s e  a r e  d i f f e r e n t  f r o m  t h o s e  o f  t h e  

u n d e r l y i n g  w a l l .  T h i s  may i n c r e a s e  t h e  d i u r n a l  v a r i a t i o n  o f  t h e  

t h e r m o - h y g r o m e t r i c  p a r a m e t e r s  i n  r e l a t i o n  t o  t h e  i n n e r  w a l l ,  t h u s  

f a v o u r i n g  c r a c k i n g ,  m e c h a n i c a l  w e a k e n i n g  a n d  l o c a l  d e t a c h m e n t .  

Any m o d i f i c a t i o n  i n  t h e  c o l o u r  o f  a m u r a l  o r  f r e s c o  may be 

r e g a r d e d  a s  s e v e r e  damage ,  w h e r e a s  t h e  m o d e r a t e  d i s c o l o r a t i o n  of  

s t o n e  may be  a p p r e c i a t e d .  For a p a i n t e d  s u r f a c e  t h e  a r t i s t i c  

c o n t e n t  i s  c o n t a i n e d  i n  a v e r y  t h i n  s u p e r f i c i a l ,  d e l i c a t e  l a y e r ,  

w h e r e a s  c a r v e d  s t o n e  c a n  s u p p o r t  a g r e a t e r  l o s s  o f  m a t e r i a l  

b e f o r e  i t  may b e  c o n s i d e r e d  ' d a m a g e d ' .  D e p o s i t i o n  i t s e l f  of  

p o l l u t a n t s  a n d  d u s t  i s  s t i l l  ' d a m a g e '  a l s o  i n  a b s e n c e  o f  c h e m i c a l  

r e a c t i o n s ,  s i n c e  i t  o b s c u r e s  t h e  image  a n d  e x p o s e s  i t  t o  t h e  

r i s k s  o f  n e c e s s a r y  c l e a n i n g .  

M u r a l s  a n d  f r e s c o e s  a r e  e x p o s e d  t o  o u t d o o r  a s  wel l  as i n d o o r  

e n v i r o n m e n t s .  I n  t h e  l a t t e r  c a s e  t h e y  a r e  u s e f u l l y  p r o t e c t e d  f r o m  

d i r e c t  r a i n f a l l  a n d  r u n - o f f  ( i n  g e n e r a l ) ;  n e v e r t h e l e s s  t h e y  a r e  

e x p o s e d  t o  many o t h e r  e n v i r o n m e n t a l  f a c t o r s ,  p r o b a b l y  of 

s e c o n d a r y  i m p o r t a n c e ,  b u t  e q u a l l y  d a n g e r o u s  i n  t h e  l o n g  term. The 

i n d o o r  e n v i r o n m e n t ,  w h i c h  s h o u l d  b e  a l i m i t e d  z o n e  w i t h  

c o n t r o l l e d  c h a r a c t e r i s t i c s  i n  a c c o r d a n c e  w i t h  t h e  n e e d s  o f  

c o n s e r v a t i o n  i s ,  i n  g e n e r a l ,  a m a l e f i c  t r a p  and  a n  a g e i n g  chamber  

on t h e  c o n t r a r y .  

I n  t h e  p a i n t e d  room t h e  p r e s e n c e  o f  v i s i t o r s  c a u s e s  h i g h  

c o n c e n t r a t i o n s  o f  d u s t  a n d  many k i n d s  o f  p a r t i c l e s ,  c a r b o n  

d i o x i d e  a n d  w a t e r  v a p o u r ,  b u t  t h i s  i s  n o t  t h e  o n l y  p r o b l e m .  

H e a t i n g  i s  commonly s e t  a c c o r d i n g  t o  t h e  n e e d s  of v i s i t o r s  

a n d  c u s t o d i a n s ,  a n d  n o t  a c c o r d i n g  t o  t h e  n e e d s  o f  t h e  a r t  work .  

I n  a d d i t i o n ,  f o r  p r a c t i c a l  o r  e c o n o m i c  r e a s o n s  i t  i s  s w i t c h e d  on  

a n d  of f  e v e r y  d a y ,  c a u s i n g  a s t e e p  r i s e  a n d  a f a l l  i n  t e m p e r a t u r e  
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r e s u l t i n g  i n  a c o n t r a r y  c y c l e  o f  r e l a t i v e  h u m i d i t y .  In a p r e v i o u s  

s e c t i o n  we h a v e  d i s c u s s e d  t h e  d a n g e r o u s  e f f e c t s  c a u s e d  by t h e s e  

v a r i a t i o n s :  m e c h a n i c a l  s t r e s s ,  t r a n s p o r t  of  s o l u b l e  s a l t s ,  

e f f l o r e s c e n c e ,  e t c .  I n  i n t e r n a l  e n v i r o n m e n t s  we must  c o n s i d e r  i n  

a d d i t i o n  o t h e r  p r o c e s s e s .  On warming t h e  a i r  i n  t h e  room, a 

t e m p e r a t u r e  g r a d i e n t  d e v e l o p s  c l o s e  t o  t h e  w a l l s  ( s e e  F i g . 8 ) .  

T h i s  i s  c o n d u c i v e  t o  t h e  t h e r m o p h o r e t i c  d e p o s i t i o n  of  s m a l l  

p a r t i c l e s  on t h e  s u r f a c e .  The t h e r m a l  g r a d i e n t  i n d u c e s  i n  t h e  a i r  

c l o s e  t o  t h e  w a l l  a d e n s i t y  g r a d i e n t ,  s o  t h a t  t h e  a i r  i n  c o n t a c t  

w i t h  t h e  c o l d e r  s u r f a c e  b e g i n s  t o  s i n k  and  a d e s c e n d i n g  s t r e a m  o f  

c o o l e d  a i r  l i c k s  t h e  w a l l s .  Thus i n e r t i a l  d e p o s i t i o n  o f  t h e  

l a r g e s t  p a r t i c l e s  o c c u r s  on t h e  s u r f a c e  o f  t h e  w a l l .  

A s  v i s i t o r s  a r e  a s o u r c e  o f  m o i s t u r e ,  d i f f u s i o p h o r e s i s  o c c u r s  

d u e  t o  t h e  m u t u a l  d i f f u s i o n  b e t w e e n  w a t e r  v a p o u r  a n d  d r y  a i r .  

T h e r e  i s  a n e t  d r a g  of t h e  s u s p e n d e d  p a r t i c l e s  i n  t h e  o p p o s i t e  

d i r e c t i o n  o f  t h e  d i f f u s i n g  v a p o u r ,  i . e .  t o w a r d s  t h e  c e n t r e  o f  t h e  

room,  d u e  t o  t h e  g r e a t e r  mass of t h e  d r y  a i r  m o l e c u l e s .  T h i s  

e f f e c t  may b e  l o c a l l y  c o u n t e r a c t e d  by m o i s t u r e  e s c a p i n g  f r o m  t h e  

w a l l .  If c o n d e n s a t i o n  o r  e v a p o r a t i o n  o c c u r s ,  i n  t h e  p r o x i m i t y  of  

t h e  s u r f a c e  a S t e f a n  f l o w  i s  g e n e r a t e d  ( t h e  S t e f a n  f l o w  i s  a 

h y d r o d y n a m i c  f l o w  w h i c h  c o m p e n s a t e s  t h e  backward  d i f f u s i o n  o f  d r y  

a i r  s o  t h a t  n o  n e t  m i g r a t i o n  of a i r  m o l e c u l e s  t a k e s  p l a c e ) .  T h i s  

f l o w  i s  v e r y  e f f e c t i v e  i n  t r a n s p o r t i n g  p a r t i c l e s ,  i r r e s p e c t i v e  o f  

t h e i r  s i z e ,  i n  t h e  d i r e c t i o n  o f  t h e  d i f f u s i o n  of  t h e  w a t e r  

v a p o u r .  The o p p o s e d  p u r e  d i f f u s i v e  c o n t r i b u t i o n ,  computed  

a c c o r d i n g  t o  t h e  Maxwell e q u a t i o n ,  i s  o n l y  20 p e r c e n t  o f  t h e  

S t e f a n  c o n t r i b u t i o n  ( r e f . 4 9 ) .  

When t h e  h e a t i n g  s y s t e m  i s  s w i t c h e d  o f f ,  o r  when d o o r s  and  

windows a r e  o p e n  f o r  c l e a n i n g ,  t h e  o p p o s i t e  f l u x e s  a r e  e v e n t u a l l y  

o r i g i n a t e d .  N o w  t h e r m o p h o r e s i s  g e n t l y  o p p o s e s  d e p o s i t i o n ,  t h e  

d e n s i t y  g r a d i e n t  c a u s e s  a n  upward  f l o w ,  b u t  t h e  i n e r t i a l  

d e p o s i t i o n ,  w h i c h  d e p e n d s  o n l y  on t h e  a b s o l u t e  v a l u e  o f  t h e  a i r  

s p e e d ,  c o n t i n u e s  i t s  a c t i o n  w i t h  new s t r e n g t h .  

I t  i s  h i g h l y  recommended t h a t  t h e  i n d o o r  t e m p e r a t u r e  be  

m a i n t a i n e d  as c o n s t a n t  a s  p o s s i b l e  t o  be  i n  e q u i l i b r i u m  w i t h  t h e  
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walls. In order to attain this aim walls and air should be gently 

warmed, possibly with different systems, and without interruption 

in the course of the day. The suitable temperature should be 

choosen on the basis of keeping the relative humidity constant, 

or that only minor and gradual changes occur during the whole 

year. As the relative humidity is a function of both 

environmental temperature and specific humidity, in general it 

may be more convenient to control the environmental temperature 

rather than the specific humidity, by controlling the heating 

system by means of a psychrometer and not just by a thermometer 

alone. 

Lighting is also a serious problem: lamps supply heat to the 

atmosphere forcing convective cells, thus favouring inertial and 

thermophoretic deposition of particles on the murals or frescoes. 

In addition, when the lighting is switched-on, the energy emitted 

(in a wide spectrum from UV to IR) hits the painted surface 

abruptly, which is then rapidly warmed, causing a noticeable 

thermal gradient inside the wall. This overheating on the surface 

is responsible for mechanical stress and forced drying of  the 

outer layer with an outward flux of moisture. The opposite occurs 

when the lamps are switched-off: the outer layer in contact with 

colder air cools and shrinks over the still warm wall, 

readsorbing moisture. These cycles result in microfractures, 

flaking off of the tempera and deposition of particles. Lamps 

with an energy spectrum limited to the visible and with gentle 

increase of emitted energy till the steady state rate is 

established, are preferable. Haloid lamps give quite 

satisfactorily results. 

The deterioration as well as the deposition processes and 

their dynamics can be clearly recognized by measuring: the 

spatial and temporal evolution of the exchange of energy and 

moisture between the painted surface and the indoor atmosphere; 

the spatial gradients of the main thermohygrometric parameters 

and their evolution; and the forced convection and stability of 

the indoor atmosphere. 
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As a first example, an increase in the specific humidity 

close to the surface is an index of evaporation from the wall; if 

the equivalent temperature (i.e. the temperature that air would 

have if all the water vapour were condensed out isobarically,with 

the latent heat released being. used to heat the air) is 

unchanged, it means that the energy required for the latent heat 

has been supplied by the air and that evaporation occurs on the 

surface; if the equivalent temperature increases close to the 

wall, it means that the evaporation occurs inside the wall, which 

supplies the energy required. 

If the mural is hit by radiant energy, its surface warms and 

relative humidity decreases in its proximity. Under these 

conditions if the specific humidity remains unchanged,the wall 

is not subject to evaporation; if the specific humidity 

increases, the mural suffers from evaporation. The ascent of warm 

air licking the surface causes inertial and thermophoretic 

deposition. Evaporation is in opposition to these effects, 

reducing the total deposition. 

In another case, if the specific humidity increases as well 

as the relative humidity, it means that evaporation occurs inside 

the wall due to a local rise in temperature and that the vapour 

escapes through the capillaries (in this case instead of the 

relative humidity we could use the equivalent temperature). 

Again, if the specific humidity decreases in proximity to the 

surface, it means that condensation occurs and, if the wall 

temperature is homogeneous and in equilibrium with the air, the 

relative humidity indicates the size of the pores which are being 

filled with water. In this case the Stefan flow favours 

deposition of particles on the wall. 

As another example, if the temperature of a damp surface 

equals the environmental wet bulb temperature, the cause of 

wetness cannot be condensation since this temperature indicates 

that the wall i s  evaporating, and we must search for the true 

cause, which has a different origin. If condensation occurs, the 

temperature of the wet surface should be equal to or lower than 
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t h e  e n v i r o n m e n t a l  dew p o i n t ,  and  i n  t h i s  c a s e  t h e  p r o c e s s  c a n  be  

s t o p p e d  by  h e a t i n g  t h e  w a l l .  

I t  i s  n o t  o n l y  u s e l e s s ,  b u t  a l s o  d a n g e r o u s ,  t o  a t t e m p t  t o  

s t o p  c o n d e n s a t i o n  by i n s u f f l a t i n g  warmed a i r .  In  f a c t  

c o n d e n s a t i o n  on  a c l e a n ,  f l a t  s u r f a c e ,  o c c u r s  o n l y  when t h e  

d i f f e r e n c e  b e t w e e n  t h e  s u r f a c e  t e m p e r a t u r e  a n d  e n v i r o n m e n t a l  dew 

p o i n t  i s  n e g a t i v e ,  a n d  d o e s  n o t  d e p e n d  on t h e  r e l a t i v e  h u m i d i t y  

o f  t h e  a i r  i n  p r o x i m i t y .  C o n d e n s a t i o n  on  m i c r o p o r e s  o r  i n  

p r e s e n c e  o f  s o l u b l e  s a l t s  o c c u r s  a l s o  w i t h  p o s i t i v e  d i f f e r e n c e s .  

A f l o w  o f  w a r m  a i r  b r i n g s  a b o u t  t h e  u n d e s i r e d  i n e r t i a l  a n d  

t h e r m o p h o r e t i c  d e , p o s i t i o n s  a n d  t h e  f o r m a t i o n  o f  e f f l o r e s c e n c e  

when t h e  h e a t  s u p p l i e d  by t h e  h o t  f l o w  e v e n t u a l l y  r a i s e s  t h e  w a l l  

t e m p e r a t u r e  o v e r  t h e  dew p o i n t .  

T h e s e  f e w  e x a m p l e s  show how a p r o c e s s  c a n  be  i n f l u e n c e d  as  

w e l l  a s  t h e  c a u s e .  T h e r e f o r e ,  it i s ,  i n  p r a c t i c e ,  p o s s i b l e  t o  a c t  

d i r e c t l y  on t h e  c a u s e ,  n o t  o n l y  o n  t h e  e f f e c t s ,  i n  o r d e r  t o  s t o p  

t h e  d e t e r i o r a t i o n  p r o c e s s .  S u c h  i n t e r v e n t i o n  would be c o m p l e t e l y  

u s e l e s s  when t h e  c a u s e s  a r e  s t i l l  a c t i v e .  

CONCLUSIONS 

In  g e n e r a l ,  t h e  d e t e r i o r a t i o n  p r o c e s s  a p p e a r s  t o  be  r a t h e r  

c o m p l e x  a n d  i n v o l v e s  b o t h  c h e m i c a l  compounds a n d  m e t e o r o l o g i c a l  

v a r i a b l e s ,  a n d  s o m e t i m e s  a b i o l o g i c a l  a t t a c k .  G e n e r a l  

r e l a t i o n s h i p s  i n v o l v i n g  p o l l u t i o n  l e v e l s ,  b u l k  d e p o s i t i o n  and  

d a m a g e ,  v a l i d  f o r  a l l  m i c r o c l i m a t i c  c o n d i t i o n s  a r e  i m p o s s i b l e  t o  

f i n d ,  a s  m e t e o r o l o g i c a l  f a c t o r s  s h o u l d  n o t  be  o n l y  c o n s i d e r e d  

b o u n d a r y  c o n d i t i o n s ,  b u t  i n d e p e n d e n t  v a r i a b l e s  w h i c h  c a n  t r i g g e r  

d i f f e r e n t  p r o c e s s e s  a n d  m u s t  b e  s t u d i e d  f r o m  t h i s  p o i n t  o f  v i e w .  

D i f f e r e n t  C o m m i s s i o n s  a n d  R e s e a r c h  G r o u p s  h a v e  came t o  t h i s  

i m p o r t a n t  c o n c l u s i o n  i n d e p e n d e n t l y  ( r e f . 5 0  t o  5 2 ) .  

An a n a l y s i s  o f  t h e  main  d e t e r i o r a t i o n  p r o c e s s e s  i n d u c e d  by 

m e t e o r o l o g i c a l  f a c t o r s ,  h a s  t u r n e d  up i m p o r t a n t  c o n s e q u e n c e s  

t h a t  s h o u l d  b e  s t u d i e d  on t he  bas i s  of t h e  thermodynamics and t h e  

e x c h a n g e  o f  h e a t  a n d  m o i s t u r e  b e t w e e n  s u r f a c e  a n d  a t m o s p h e r e .  Not 

o n l y  t h e  m i c r o c l i m a t e ,  b u t  a l s o  t h e  m i c r o p h y s i c a l  p r o c e s s e s ,  
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that are in general rather complicated and p'oorly known, should 

be the object of interdisciplinary research, since they often 

furnish the necessary key in understanding the deterioration 

mechanisms. 

It appears that 

and limestone actua 

monument: from one 

(white areas), to 

the different weathering observed on marble 

ly depends on the way the rain wets the 

extreme a complete washout of the surface 

he other where the surface is wetted and the 

dry deposit is not removed but activated (black areas). 

A particular case is the slightly wetted surface, i.e. when 

the water is adsorbed and can't form an aggressive solution. In 

this case the stone appears well conserved (grey areas). This is 

a clear demonstration that dry deposition in itself may be not a 

sufficient condition f o r  the deterioration of exposed stonework, 

unless water is supplied in sufficient quantity to trigger the 

deterioration processes. In this respect, condensation plays a 

minor role compared to rainfall. 

The deterioration of monuments depends on  the aggressivity of  

the solution which forms on them when they are wetted. Therefore, 

especially in urban areas where dry deposition dominates, the 

concentration of hydrogen ions in rainfall 

may be of secondary importance in comparison with the 

contribution of the dry deposition. The concentration of  the 

solution which is formed on the monument surface depends on the 

intensity of rainfall. 

In the case of relatively unpolluted towns, where sulphation 

is not the main cause of the deterioration process, biological 

deterioration mechanisms are often very important, due to the 

activity of epilithic and endolithic microflora and microfauna. 

Finally, the case of particularly precious mortars, i.e. with 

murals o r  frescoes, has been discussed in order to clarify the 

thermodynamic method proposed for the analysis of experimental 

campaigns. To take necessary action one should not act only on 

the effects but also on the causes. 
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F i g .  1 .  ( a )  Gypsum c r y s t a l l i z e d  w i t h i n  t h e  i n t e r n a l  c a v i t i e s  of 
l i m e s t o n e  ( N i c o l s  X ,  4 6 5 ~ ) .  (Reduced by 10%) 
( b )  O o l i t h i c  l i m e s t o n e  s h o w i n g  c a l c i t e  c r y s t a l s  r e p r e c i p i t a t e d  on 
t h e  o o l i t e  ( N i c o l s  X ,  4 6 5 x 1 .  (Reduced by 10%) 
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F i g .  2 .  C a r b o n a c e o u s  p a r t i c l e s  e m i t t e d  by c o m b u s t i o n  p r o c e s s e s  
e n u c l e a t i n g  gypsum c r y s t a l s  u n d e r  l a b o r a t o r y  c o n t r o l l e d  
c o n d i t i o n s  ( w e t t i n g  i n  a b s e n c e  of s u l p h u r  d i o x i d e )  ( s c a n n i n g  
e l e c t r o n  m i c r o g r a p h ,  2 5 0 0 ~ ) .  
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F i g .  3 .  Examples  o f  w h i t e  a n d  b l a c k  a r e a s  d u e  r e s p e c t i v e l y  t o  t h e  
r u n - o f f  on  t h e  s u r f a c e  ( w h i t e  a r e a s )  a n d  d e p o s i t  o f  c a r b o n a c e o u s  
p a r t i c l e s  a n d  s u l p h a t i o n  of t h e  u n d e r l y i n g  s u r f a c e  i n  t h e  zones  
w e t t e d  by a i r b o r n e  d r o p l e t s  a n d  p e r c o l a t i o n ,  b u t  p r e v e n t e d  from 
r u n - o f f  ( b l a c k  a r e a s ) .  T h e i r  s h a p e  i s  d e t e r m i n e d  by t h e  g e o m e t r y  
o f  t h e  monument. ( a )  C a p i t a l  of t h e  Ducal  P a l a c e  i n  V e n i c e .  ( b )  
S t a t u e  on  t h e  C o n s t a n t i n o ' s  Arch  i n  Rome. 
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(a) 

Fig. 4. (a) Black carbonaceous particles embedded in the gypsum 
crusts are clearly evident. Between the unaltered limestone and 
the sulphated crust, a layer of reprecipitated calcite (which 
appears white in the micrograph) can be observed (Nicols / / ,  
1 8 5 x ) .  (Reduced by 10%) 
( b )  Carbonaceous particles are uniformly distributed inside the 
crust (Nicols / / ,  4 6 5 x 1 -  (Reduced by 10%) 
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Fig. 5. Examples of a black area observed in transversal thin 
section. 
a) Acicular gypsum crystals with radial orientation grow on the 
limestone (Nicols X, 1 8 5 ~ ) .  ( b )  In some cases, the sulphated 
crust cdnsists of authigenic calcite and gypsum (Nicols X ,  4 6 5 x 1 .  
(Reduced by 10%) 
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F i g .  6 .  Examples  o f  a w h i t e  a r e a  o b s e r v e d  i n  t r a n s v e r s a l  t h i n  
s e c t i o n .  
( a )  D i s s o l u t i o n  d u e  t o  r u n - o f f  p r o d u c e s  embayed s u r f a c e .  The 
w a s h o u t  o f  u n s a t u r a t e d  r a i n  w a t e r  p r e v e n t s  f r o m  r e p r e c i p i t a t i o n  
( N i c o l s  X ,  4 6 5 x 1 .  ( b )  The r e p r e c i p i t a t i o n  o f  s p a t i c  c a l c i t e  c a n  
be o b s e r v e d  a t  t h e  e d g e  o f  t h e  w h i t e  a r e a  w h e r e  t h e  r u n - o f f  i s  
less  i n t e n s e .  G e n e r a l l y  t h e s e  w h i t e  a r e a s  show n o  gypsum ( N i c o l s  
x .  4 6 5 x 1 .  ~ R P ~ I I C C C I  hv  10%) 
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F i g .  7 .  T r a n s v e r s a l  t h i n  s e c t i o n  of  a g r e y  a r e a ,  showing a 
compact  d e p o s i t  of p a r t i c l e s  o v e r  t h e  s t o n e  s u r f a c e .  The 
u n d e r l y i n g  m a r b l e  a p p e a r s  n o t  t o  b e  a f f e c t e d  by w e t h e r i n g  ( N i c o l s  
/ / ,  1 8 0 x 1 .  
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F i g .  8 .  Thermal  maps of t h e  S i s t i n e  C h a p e l ,  o n :  7 May ( a ) ,  and 9 
( b )  May 1983.  
( a )  S i t u a t i o n  i n  t h e  e a r l y  morning  when c o l d  a i r  e n t e r s  t h r o u g h  
t h e  open  d o o r s  ( i n d i c a t e d  by a r r o w s ) .  The w a l l s  a r e  warmer t h a n  
t h e  a t m o s p h e r e .  T e m p e r a t u r e  r a n g e :  16.8 t o  18 .9  C ( b )  S i t u a t i o n  
a t  mid-morning when t h e  i n t e r n a l  a t m o s p h e r e  h a s  been  warmed we l l  
above  t h e  t e m p e r a t u r e  of t h e  w a l l s .  Tempera tu re  r a n g e :  19.7 t o  
22.1 c. 


