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PROLOGUE 

The Committee for the Preser vation of the A cr opolis 
Monumens (CPAM or EXMA in Greek) was established in 1975 
by the Minister of Cul ture and Science, Professor and 
A cademician K. Tripanis (f), in response to action taken by 
officials and citizens aiming to arouse the authori ties' interest in 
conf'ronting the threat to the Acropolis monuments posed by the 
increased atmospheric pollution in the A thens region . 

The chairman of the Committee was the archaeologist, former 
Director of the Acropolis and Ephor of Antiquities, Dr. G. 
Miliadis(t); i ts members were S. Angelidis, Profes or of Statics 
at the NaUonal Technical University of Athens (NTUA); Director 
of the Acropolis, archaeologist Dr G. Dontas; General Dhector 
of the M inistry of Culture and Science, archaeologist Dr D . 
Lazaridis(t); Professor of the History of Ar hitecture , NTUA , 
Ch. Bouras; Professor of Physicochemjstry and Apphed Electro­
chemistry, NTUA, Th. Skoulikidis; and architect - archaeologist 
Dr. G. Travlos(f). 

The office of Chairman was subsequently held by N. 
Platon (f), archaeoiogist, Professor Emeritus of Prehistoric 
Archaeology, University of Thessalonik i, and then by G. 
Mylonas(t) archaeologist, Professor, A cademician and President 
of the Archaeological Society. 

Since the Commi ttee was formed, its members have also 
included: N. Gialouris, archaeologi st , General Inspector of 
Antiquities; I. Theodorakopoulos(f), philosopher, Academician; 
A. Keramidas, mechanical engineer, Ministry of Cultur e and 
Science (MCS); I. Knithakis, architect, M CS; K. K onophagos(t ), 
physical metallurgi t, Professor, NTUA; I. Kontis(f), archaeologist, 
General Inspector of Ancient and Historical Monuments; A. 
Economopoulos, architect, MCS; G. Papathanassopou os, Ephor 
of Antiquities; B. Petrakos, archaeologjst, Ephor of AntiquWes, 
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MCS; Th. Protopappas, mechanical engineer, MCS; P. 
Raftopoulos, mechanical engineer; K. Syrmakezis, civil engineer, 
Associate Professor NTUA; E. Touloupa, archaeologist, Ephor of 
Antiquities, MCS. 

The Committee currently comprises: 
President: Ch. Bouras, architect, Professor NTUA. 
Members: S. Angeli dis, civil engineer, , Professor Emeritus 

NTUA; A. De/ivorias, archaeologist, Director of the Benaki Mu­
seum; G. Despinis, archaeologist, former Professor, University of 
Thessaloniki; I. Dimakopou/os, architect, head of the Depart­
ment of Restoration of Ancient Monuments, MCS; G. Dontas, 
archaeologist, honorary General Ephor of Antiquities, MCS; P. 
Ka/ligas, archaeologist, Ephor of antiquities, Acropolis Director; 
G. Lavvas, architect, Professor, University of Athens (UA); B. 
Lambrinoudakis, archaeologist, Professor, UA; Th. Skou/ikidis, 
chemical engineer, Professor Emeritus, NTUA; G. Tzedakis, 
archaeologist, Head of the Department of Prehistoric and 
Classical Antiquities, MCS. 

According to its founding statutes, the task of the Committee is: 

"Planning, directing and supervising the necessary systematic 
work entailed in the conservation of the Acropolis Monuments 
in Athens". 

In addition to the rescue operations, such as removing the 
steel junctions from the monuments and replacing them with 
titanium, and the structural conservation and restoration works 
which have been widely published both in Greece and abroad, it 
was necessary to carry out a major surface conservation 
operation (consolidation, cleaning and protection). 

• The special properties (e.g. very low porosity) of the Pente/ic 
marble of which the Acropolis Monuments are built, 

• the widespread pollution in the Attica basin, 
• the lack of international experience on how Pentelic marble 

reacts to pollutants, 
• the gaps in international scientific knowledge relative to the 

mechanisms of the phenomena by which pollutants damage 
stone, 
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• the many drawbacks and side- effects of the methods and 
materials used internationally in conservation and 

• the great responsibility to the most significant monuments of 
our cultural heritage, 

made it essential for studies and original research to be carried 
out in order to develop safe materials and implement effecti ve 
methods for conservation. 

Thus we present in this booklet the results of: 

A. I. The research work conducted by Professor Th. Skou­
likidis, member of the Committee for the Conservation 
of the Acropolis Monuments (CPAM), with his suc­
cessive collaborators at the Physicochemical Laboratories 
and Applied Electrochemistry at the Department of 
Materials Science, Faculty of Chemical Engineering, 
NTUA. Research was conducted on the deterioration of 
the marble and metal and the conservation (conso­
lidation, cleaning and protection) of the monument 
surfaces, in particular that of the Acropolis. 

II. The studies and research conducted by Dr. K . Kouzeli, 
Dr. N. Beloyannis and Dr. P. Theou/akis at the Stone 
Centre, MCS, the subject of which was the colour traces 
on the surfaces, the a/uminosi/icate veins in the marble, 
the cleaning tests and the effects of the various methods 
on the Pentelic marble, and the properties of the various 
mortars that could be used in conservation. 

III. a) The studies and research done to identify micro­
organisms and to find a suitable biocide, which were 
conducted by Professor S.R . Curri. 

b) The studies and research on microflora by Professor 
K. Anagnostidis and his collaborators A. Economou­
Amilli and M. Roussomoustakaki. 

c) The studies and research conducted by Professor W.E. 
Krumbein of the University of Oldenburg, with his 
collaborators: researcher Dr. C.E. Urzi from the Uni­
versity of Messina and Dr. A . Pantazidou, Lecturer 
in the Biology Department of the University of Athens, 
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relative to the biological deterioration of the Acro­
polis monuments, the identification of the micro­
organisms that cause it, and the methods used to 
combat i t (commissioned by CPAM). 

IV. The studies b physici sts L. Hatziandreou and G. Lado­
poulos f the National Centre for sc ·enti fic Research 
"Democritus", on the gammagraphy of the Erechthei o 
and the detection of all metallic junctions and interior 
cracks in the marble (commissioned by CPAM). 

V. Studies by K. Cholevas and I. Giannopolitis of the Bena­
keion Phytopathological Institute, to deal with plant 
growth on the Acropolis monuments (commissioned by 
CPAM). 

VI. Studies by Dr I. Karakatsanis of the National Centre for 
Scientifjc Research "Dem ocrHus" on using ultrasound to 
keep pigeons away and installing appropriate electronic 
equipment to this end (commissioned by CPAM). 

B. We also present the "Application Programme: The Conser­
vation Work on the Monument Surfaces", which mainly 
describes the implementation of some of the results from the 
above - mentioned research. Conservation work is conducted 
by the conservators: A. Galanos, Y. Dogani, A. Babanika, A. 
Moraitou, A. Panou, M. Papadimitriou, G. Paganis and D. 
A1araziotis, and by the marble technicians K. Dimopoulos, I. 
Kladios, T. Kozokos, A. Lyritis, L. Michalakos, and I. Skal­
kotos, coordinated by the chemical engineer Mrs E. Papa­
konstantinou and under the supervision of Professor Th. 
Skoulikidis and the Acropolis Director. 

PART A 

RESEA C. ND UDIES 



I. THE DETERIORATION AND CONSERVATION 
OF MONUMENTS 

Th. N. Skoulikidis and collaborators 
Professor Emeritus at the 

National Technical University of Athens 
Department of Materials Science and Engineering 

Faculty of Chemical Engineering and Member of the 
Committee for the Preservation of the Acropolis Monuments 

Introduction 

The deterioration of ancient monuments is caused by 
mechanical, biological , chemical and electrochemical factors. 
Some of these factors existed even before pollution became 
acute in the Attica basin, others were reinforced (or reduced) 
by it and yet others were generated by it. 

The author and his collaborators have been conducting 
research on this issue since 1955 , and more intensively since 
1975, when the Committee for the Preservation of the Acro­
polis Monuments (CP AM) was established. The author has been 
a member of this Committee, responsible for dealing with 
physicochemical problems , since then. 

Thl following text gives a brief presentation of all the 
problems involved in identifying monument deterioration and 
adopting conservation measures, and in particular those problems 
on which research has been conducted with a view to finding 
solutions applicable to the Acropolis and other monuments in 
Greece and abroad. 
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1. Mechanical deterioration 

Freezing water 

One of the mechanical causes of damage to monuments is the 
presence of water in pores and smalle r fissures when the 
temperature drops below zero Celsius. When this water freezes , 
it expands, causing marble or limestone to crack and disinte­
grate. This phenomen on is inconseq uen tial o the Acropolis, 
since a) the temperatu re of Athens rarely falls below zero, b) 
the Pentelic marb e of which the monument are' constructed is 
of low porosity (0.35 - 0. 7%) and c) there is a high pollution 
level. It is nevertheless the main cause of damage to other 
monuments, such as the Temple of Apollo Epicurius i , Phigalia, 
where there is no pollution. 

Poll ut:on mitigate th;s phenomen on because the pollutants 
SO x and NO x, when dis,so!ved in water, form strong acids which 
lowe: the freezing p int and penetrability of water by increasing 
its surface tension. 

A temporary solution is to cover the monument with some 
kind of roof to prevent it from coming in contact with rain­
water, and to use infrared heating to prevent vapour con­
densation (dew point). The first solution wa applied to the 
Temple of Apollo Epicurius on recommendation by the author. 

Visitors 

The millions of visitors to the Acropolis site have damaged the 
marb e stairs, which ha e already been worn down by 3 em. Owing 
partially to ollutio , there has been a decrease in the number of 
tourists visiting A ti a, as they frequently travel directly to their 
destinat ion outside Athens, th s red cing this form of 
deterioration. ean hile, the steps have been covered with wood. 

Salts 

Some salt solutions rise up from the ground by capillary 
act· on through pores in the stone. The salts crystallize in the 
form of hydrates . Hydrates break down according to tempe-
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rature and humidity conditions and then are reformed ; this is a 
reversible phenomenon which entails fluctuations in volume. The 
pressure exerted during the formation of hydrates is also 
accompanied by the phenomenon of fatigue which intensifies the 
mechanical deterioration of marble . This of course occurs with 
material s of more than 2- 3% porosity and with full - width 
pores. Such conditions do not prevail on Pentel ic marble, and 
con se uently this phenomena is of minimal signi ficance to the 
Acropoiis monuments . 

xpansion of steel junctions (1 - 18) 

etas expand during corrosion. This is caused both by the 
fact that the molecular volum of the corrosion products in the 
atmosphere, usually oxides, is greater than that of the metals and 
by the fact that these products are created on the surface of the 
metal to ard the environment. If the metals are embedded in 
concrete or marble, strong forces develop during their expansion 
which cause these materials to crack (Fig. 1 - 3) . The ancient 

-~~~·~ "' 
\:.~ " ~ ........ ,..; " ...... .•. ,.~ .... .. 

•• 4 

Fig. 1. Cracking of marble due to expansion of the steel junctions. 
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Fig. 2, 3. Successive steps in the cracking of concrete and marble owing 
to corrosion of the steel reinforcement. Detail from Balanos' 
restoration of a column on the Parthenon. 

Greeks understood the phenomenon, which was why they embed­
ded the steel elements used on the Acropolis and other monu­
ments in lead. This method has proven to have been particularly 
effective, because only 20% of the ancient junctions have cracked 
the marble, and in these cases the cause was usually poor 
workmanship and/or the localised dissolution of the lead by the 
weak nitric acid solution in acid rain; whereas 90% of the 
junctions installed during the restorations by Pittakis (1837- 1843) 
(bare steel with tips embedded in lead) and Balanos (1898- 1940) 
(steel in concrete) have cracked the marble and continued doing 
so as the corrosion progressed. 

The entire Erechtheion was dismantled and re-constructed 
after the steel junctions and frames had been removed and 
replaced by titanium ones (2- 4 ), upon the author's suggestion. 
The use of titanium on restoration works constitutes an 
innovation on a world scale and presents the following 
advantages: the mechanical resistance of titanium is greater than 
that of stainless steel; its resistance to corrosion is also much 
greater, particularly in a marine environment such as Athens 
(where stainless steel becomes brittle due to stress corrosion) , 
and it has the same thermal expansion coefficient as marble. 
The ancient technique (steel embedded in lead) was not used 
because it was observed that lead is depassivated, i.e. its 
corrosion resistance is lowered, by the pollutant sulphur dioxide 
in a humid environment and by acid rain. The use of titanium 
has also been extended to other monuments on the Acropolis 
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and elsewhere in Greece, and abroad (Italy, Japan, Spain, France, 
Portugal, Belgium, Poland). 

Using data from past measurements and from measurements 
of the steel junctions taken after the Erechtheion was dismantled 
we drew a corrosion curve for the past 150 years (8- 10, 18): 
which shows a 30% acceleration of pollution- related corrosion. 
At the same time it was possible, using this curve, to pinpoint 
the onset of acute pollution in the Attica Basin at around 1955 a 
fact which coincides with the beginning of rapid industrialisati~n 
in the Athens region and the resulting population influx, as has 
been demonstrated in other ways as well. (See A.l.3). 

Particle blasting 

Particles with a diameter of more than 500 nm, mechanically 
suspended in the air, are whipped by the wind against monument 
surfaces and cause abrasion, mainly on the high reliefs of statues 
and sculpted ornamentation, like a kind of sand- blasting. This 
phenomenon is negligible with respect to the Acropolis monu­
ments, but has had grave repercussions in e.g. Sounion, where it 
has caused serious damage to the Temple of Poseidon (in conjunc­
tion with the action of suspended NaCJ). Efforts made abroad to 
set up aerodynamic shields to deflect the wind and mitigate its 
effects on the monuments have not as yet been effective. Pollu­
tion from suspended particles has increased as the industrialisation 
rate has accelerated. 

2. Biological deterioration 

Microorganisms in the class of fungal and fermentative 
microflora and microfauna, as well as sulphur- oxidating bacteria 
attack marble or, as in the latter case, accelerate the 
SOz ~ S0 3 oxidation (A.I.4 ). Italian experts found from 2.106 to 
7.106 microorganisms per gram existing on columns and from 
5.104 to 8.104 on statues. These microorganisms can be 
combatted with the appropriate biocides while pollution 
eliminates certain species of them. (See also A.III). 
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3. Chemical deterioration 

Pollutants damage marble (19, 20) through a combination of 
the following chemical reactions: 

1) CaC0 3 <sl + C02<gl + aq <el ~ Ca2
+ (HC0 3 ) ~(sol.) 

2) CaC0 3 <sl + S02<gl + 0,5 0 2<gl + aq <n ~ Ca2
+ SO~(soi.) + C02<gl 

3) CaC0 3 <sl + 2N02(g) + 0,5 0 2(g) + aq <Cl ~ 

Ca2
+ (N0 3 ) ~(soi.) + C02<gl 

The first is the familiar reaction that dissolves marble , which 
under other circumstances and over a long period of time, leads 
to the formation of stalactites and stalagmites after the water 
evaporates, when the CaC0 3 recrystalli zes in the form of 
aragonite. This reaction was observed a long time ago and its 
mechanism is known: it is a very slow reaction which takes 
place only in the presence of rain, and the damage it causes , 
particularly on high reliefs, is minimal. 

The second and third reactions- which essentially describe the 
attack on marble by sulphuric acid (S02 oxidises into S0 3 cata­
lytically and, when mixed with rainwater, becomes H2 S04 ,) and by 
HN0 3 - are the most destructive. Obviously this reaction is due 
solely to atmospheric pollution by SOx and NO x, pollutants whose 
presence has increased significantly in all countries, including 
Greece, especially after its rapid industrialisation between 1955 
and 1965. It is a very fast reaction which takes place only in the 
presence of rainwater. The mechanisms of these reactions are 
known. The combination of the three is called "acid attack" and, 
as has already been pointed out, is caused by "acid rain". This 
dissolution process is of course selective, as is usually the case 
with heterogeneous reactions; it primarily attacks macroscopic and 
microscopic active centres , i.e. high reliefs , active paths and the 
grain boundaries of the marble crystals. This type of attack causes 
high reliefs , such as details on statues and sculpted ornamentation, 
to dissolve: it causes marble to crack and spall and causes parts to 
break off because the cohesion of the grains is loosened. This type 
of attack is shown in the picture (Fig. 4a) of a Caryatid. 

Fig. 4a. View or a Caryatid showing the acid attack by acid rain on the 
front. 
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The effects of this acid attack -i.e. cracking, the obliteration 
of high reliefs and the danger that pieces of the marble will be 
detached- have been recorded on photographs and drawings of 
all the monuments and statues on the Acropolis (12). 

As pointed out above, the mechanism of this reaction was 
already known: the best thing to do was to protect the vulnerable 
parts of monuments such as statues from contact with rainwater. 
This was done in situ with wooden roofs over the Caryatids, the 
Parthenon statues of Cecrops- Pandrossos and Callirrhoe and the 
frieze sculptures (before they were all transferred to the Museum). 

Comparing the original statue of Cecrops and its copy, a cast 
taken 50 years ago and now kept in the British Museum, one can 
see great differences . Specifically, many details have been oblite­
rated from the original which are visible on the copy. From this 
fact we can conclude that the acute corrosion began after 1944. 

A comparison was also made between photographs of the 
same statues taken at regular intervals of between one and three 
years from 1930 on. It was ascertained that the period of the 
progressive disappearance of details can be identified as being 
between 1955 and 1965. Consequently, the worst deterioration 
began after 1955 , a fact which coincides with the rapid industria­
lization of the Athens region. (see p. 18). 

4. Electrochemical deterioration 

General remarks 

When marble surfaces do not come into contact with 
rainwater, the following reaction takes place : 

This is the so- called "sulphation" of the marble , a process 
during which its surface turns into gypsum (Fig. 4b). 

The mechanism of this reaction was not known until 1979, 
when we communicated (20) the first results of our research on 
the subject. Attempts had been made in the past to protect 
marble from sulphation damage, but ignorance of its mechanism 

Fig. 4 b. Sulphation on the back of a Ca1yatid. Rear surt"ace protected 
fi·om rain wate r . 

2 1 
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meant that these efforts were doomed to failure. We focused our 
attention on the mechanism of this reaction for three reasons: 

(a) Because the sulphation of the marble caused by the reaction of 
SOx pollutants with humidity is continuous, both in the open air and 
indoors, and can only be combatted by the use of a retarding or 
inhibiting intervention on the mechanism itself. On the contrary, as 
we have seen, acid attack takes place only when it rains, and can be 
prevented by the installation of a temporary shelter. 

(b) Because successful intervention on the mechani sm 
obviously presupposes sufficient understanding of it, and in 
particular of its rate- determining step which sets the conditions 
and rate of the entire reaction, and 

(c) Because, as was confirmed, the methods which offer pro­
tection against sulphation also to a large degree provide pro­
tection against acid rain . 

Thickness of gypsum film 

The thickness of the gypsum film was measured at many 
points on statues and sculpted ornamentation (Caryatids, Ce­
crops, frieze) as well as on the walls of the Erechtheion and the 
Parthenon by a new, non- destuctive method we devised: the 

pin 

35 

(a) 

p1n 

piece of 

-r=::::Jit:::r/ pa per 

= 
- gypsum--

-marble-

(b ) (c) 

pin 

1 

1 
rul e 

pin 

piece of paper 

x +a x =gypsum 

_]_ thickn ess 

vernie r 

(d ) 

Fig. 5. The "pin - probe method" for measuring the thickness of the 
gypsum film . (a) Configuration, (b), (c) and (d) stages in the 
measuring process. 
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" pin- probe method" (20). Fig. 5 shows the principle of this 
method. It has now evolved, leading to the development of an 
instrument for measuring the gypsum thickness. 

Statue details on the gypsum surface. Stabilisation 

During the measurements , it was ascertained for the first time 
in the world (21), that details of the statues are preserved on the 
gypsum surface (Fig. 4b). If the gypsum was more than a few 
mm thick, those detail s would be lost from the surface of the 
marble (Fig. 6). Consequently, the gypsum films must be 
stabi lised and not destroyed, in order to avoid the definitive loss 
of details on statues and sculpted ornamentation . 

Fig. 6. (a) Preservation (with the high relief slightly deformed) of the 
surface details on the gypsum film due to the sulphation 
mechanism (diffusion of calcium ions, p. 27), (b), (c) increase in 
the thickness of the gypsum and creation of caviti es under high 
reliefs caused by the more rapid diffusion of ca lcium ions; 
disappearance of details from the marble and from the surface 
of the gypsum after a certa in thickness. 

Since gypsum absorbs S02 more readily than marble, the view 
prevailed that the presence of gypsum accelerates sulphation. Thus 
in order to reduce the sulphation rate, the gypsum film used to be 
removed from surfaces by washing it off with water, after which the 
surface was covered with protective coatings. In this way the details 
of the sculptures were destroyed forever. It should likewise be noted 
that the gypsum film cracks and breaks off by itself when it exceeds 
several mm in thickness (Fig. 6). Experts from other countries also 
advised us to wash the statues with water, but our understanding of 
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the phenomenon prevented us from adopting a practice which could 
have had disastrous effects: since the Caryatids' hair was converted 
almost exclusively to gypsum (Fig. 4b), having virtuall y disappeared 
from the marble surface, the Caryatids would today be bald if we 
had followed that particular piece of advice. Our observations were 
cited by many speakers at the UNESCO conference in 1978, with 
the result that from then on, statues were no longer washed with 
water. 

It should be noted that the presence on the gypsum film of 
statue details that have disappeared from the surface of the 
marble is the result of the sulphation mechanism (p. 26). 

A successful effort (21) was made in our laboratory to 
preserve these surface details and to stab ili se the gypsum film by 
inverting the sulphat ion process and by converting the gypsum 
back into calcium carbonate. This was achieved by placing 
su lphated specimens of marble in an autoclave in a C0 2 

atmosphere at 2- 8 atm pressure and at a temperature of 30- 80" C: 

CaS0 4 • 2 H 2 O <sl + C0 2 <gl ~ CaC0 3<sl + [(H 3 0) +HS04J<sol.) . 

Si nce the equi librium of the system as regards CaS0 4 • 2 H 2 0 
is uni valent (C = 3, phases F = 4 and M = C + 2- F = I), and two 
conditions change, the equilibrium is destroyed an d the reaction 
moves toward the right. When the gypsum has been entire ly 
converted to CaC0 3 , we channel water into the autoclave at the 
same pressure and temperature and wash off the (H 3 o +) HS04, 
so that when the gypsum returns to normal conditions, the 
reaction wi ll not reverse again. Our laboratory even managed 
(22- 24) to achieve the same inversion under normal conditions , 
by spraying a K 2 C0 3 solution in situ. 

Recently, (25) using the K 2 C0 3 solution again, and with the 
presence of CaC0 3 in the so lution, we achieved a reconversion 
which led to oriented CaC0 3 crystals with a hardness of 
80 Kp/mm 2

, i .e. about the same as marble. (F ig. 7). 
It shou ld be noted that the sole purpose of this conversion is to 

preserve the detai ls on the statues and that it is obviously not a 
means of protection . The CaC0 3 thus formed is porous and more 
susceptible to attack by S0 2 than the CaC0 3 in aged marble. 
Consequently, this method should be applied only to statues wh ich 
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Fig. 7. CaC01 crystals fi·om the conversion or gypsum. 

wi ll remain in a museum under the proper conditions. In any event , 
this method has not yet been applied to any statue on the 
Acropolis, but only to flat surfaces. 

Finally , by spraying cho lesteric liquid crystals it was possible to 
make an in situ distinction between marble, gypsum and CaC0 3 

from gypsum inversion (26). Marble takes on a deep azure colour, 
CaC0 3 turns sky blue and gypsum turns green (Fig. 8). 

Fig. 8. Distinction between marble, CaC01 (From con version) and 
sulphated marble. 
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The sulphation mechanism. Galvanic cell model 

Through a series of measurements (7 - 10, 12, 19, 20, 27- 38) 
using a quartz spiral balance and EPMA (Electron Probe Micro­
analysis) on powdered CaC0 3 , powdered marble and marble pieces 
at both high (450°C) and low (25 ° C) temperatures, at small (1 %) 

and large (80%) concentrations of 502 and moisture , it was 
possible to reveal and demonstrate the sulphation mechanism . It 
was found that the evolution of sulphation is recti linear up to a 
gypsum thickness of 300 A, after which it becomes parabolic. In 
its parabolic progress, the rate- determining step is the solid state 
diffusion of Ca2

+ , in accordance with a galvanic cell model. We 
thus concluded that the mechanism of marble su lphation is similar 
to that of uniform steel corrosion. (Fig. 9) . 

air 

air, H20 
502 , H20 

(+) Oxides CaS042H 20 (+ ) 

0 

300 A 

Fe2+ 2e 
(- ) 

(a) (b) 

Fig. 9. Galvanic cell model of the corrosion of steel and the sulphation 
of" marble. 

On the basis of this galvanic cell model, which has been 
universally accepted today (p. 32), sulphation has been 
designated as the electrochemical decay of marble. This was 
proved in the following ways: 

a) The system Pt, CaC0 3 <sl / CaS04 ·2H2 O <sl /S0 2 <gl air, H2 O <gl' 
Pt was formed: and it was proved that, indeed, it is a galvanic 
cell which conforms precise ly to Nernst ' s law. 

b) The diffusion of Ca2
+ ions was demonstrated by EPMA 

using a cross- section after the marble had been coated with a 
polymer (Fig. 10). 

'- I 
(.a S Ca s 

.. i 

Fig. 10. 

( b ) (c) 

( a J 

Ca S 

( d ) (e ) (f) 

(a) Photograph taken by scanning electron microscope 
(magn ified x 150) of" the cross -section of" a "protective " 
poly mer on marble; this "protective" coa ting is 200 /)-m thick . 
(b) to (f) show the profile or th e Ca and S concentration 
measured by EPMA on the cross-section of the "protective " 
coating after exposure to an atmosphere of" 50% 502 +50% air 
saturated with water vapour, (b) two days later, (c) six days 
later, (d) 7 days later, (e) 13 days later , (f) 20 days later. 
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c) The evolution of the increased weight of the marble sample 
in a environment with 502 , air and moisture , which is a measure 
of the sulphation rate, is identical with the Ca2 + diffusion rate as 
measured by EPMA. 

d) Anti- corrosive steel paints such as Coal Tar Epoxy and 
Chlorinated Rubber also protect marb le (Fig. 11). 

The consequences of this mechanism are: 

a) The preservation of details of statues and sculpted 
ornamentation on the surface of the gypsum, even though these 
details have disappeared from the marble- gypsum interface. 

b) The cracking of all "protective coatings" which were not 
designed according to the mechanism in order to retard the Ca2+ 

diffusion (Fig. 12, 13) . 
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Fig. 11. 
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EfFect of high concentration of sulphur diox ide, oxygen and 
water vapour on bare marble (unbroken line) and on marble 
covered with polymer (broken fine). We can see the successive 
cracking of the coa ting and acceleration of sulpha tion. 

30 

c 
0 

2 0 
'(;; 

..r::: 
0. 
::l 

"' 
~ 
>, 10 

0 100 300 

bare marble 

epo x y coated 

500 700 900 

tim e (hours) 

Fig. 13. Percentage sulphation of bare marble and marble covered with 
epoxy at 200 C, for various concentrations of sulphuric acid. 
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For these reasons, and after testing the effectiveness of various 
commercial coatings in an environment containing 502 , the use of 
any "protective coatings" such as those used abroad, either organic 
or inorganic, was ruled out because it had become clear that they 
all accelerate sulphation. This was later confirmed by an extensive 
survey (39) of the monuments which had been "protected" by such 
coatings. For this reason, none of them were used in Greece. 
Cecrops and the Caryatids were moved to a conditioned nitrogen 
atmosphere in the museum , and the eastern metopes and the west 
frieze were also transferred to the museum. 

Protection from sulphation 

In accordance with the above, since the sulphation mechanism 
is similar to that of uniform metal corrosion , one might attempt 
to protect marble by applying the same methods used to protect 
steel. Of all these methods , the only suitable one is coating with 
anti- corrosive paint (9, 19, 30, 38). We have already seen that 
one of the proofs for the existence of this mechanism is the 



30 

possibility of protecting marble with anti- corrosive paint such as 
Coal Tar Epoxy and Chlorinated Rubber (Fig. 11). Coal Tar Epoxy 
is black and suitable only for black marble. We have recently 
learned that, following our communication (36), Coal Tar Epoxy is 
now being used in China to protect black marble monuments. 
Chlorinated Rubber is vulnerable to ultraviolet solar radiation , and 
so anti- corrosive paints based on it should not be used. 

In our earlier efforts to protect steel from corrosion (41-43) · 
it was shown that, if n- semiconductors such as Al z 0 3 or Fez 0 3 

were added to a polymer medium, very good protection was 
achieved, the coatings did not crack and the Al z 0 3 and Fez 0 3 

acted as anti- UV. These semiconductors in an epoxy resin 
medium , or even better in a cross -linked acrylic. (Fig. 14) were 

I Al20 3 • MgO 30% + P 
90 2 Al20 3 30% + P 
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Fig. 14. Evolution of sulphation in relation to the various protective 
coatings based on oxides and hydroxides of aluminium. 

likewise tested on the marble with extremely good results. We 
also used AI (OHh or Al z 0 3 • MgO (doped), Fe2 0 3 , Fe 2 0 3 • MgO 
(doped) (Fig. 15) and Ti0 2 , Ti(OH) 4 system, also doped (Fig. 
16). According to experience from industry, where these mate­
rial s have been used as catalysts, they are not exhausted as 
materials and as electron donors . They al so repulse suspended 
particles. 
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Fig. 15. Weight increase as function of time. From top to botton: 
bare marble, covered with acrylic, with acrylic+ 10% MgO, 
+ 10% Mg(OH)b + 5 % Fe2 0 3 , + 5 % Fe(OH) 3 • Mg(OH)

2
, + 5 % 

Fe(OH) 3 , + 5 % Fe2 0 3 • MgO. 
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Admixtures with Fe 2 0 3 can likewise be used to produce an 
artificial patina. (A.I.6). 
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Fig. 16. Evolution of sulphation in relation to the various protective 
coatings based on titanium oxides and hydroxides. · 
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For the research outlined in A.I.4, the author was awarded a 

Medal by the Permanent International Committee for the 

Organisation of Conferences on the Deterioration and 

Protection of Stone (1988), and received the Global 500 Honour 

Roll Award of the United Nations Environmental Programme 

(UNEP) (1989). 

A European Community programme (Eureka: EU 595: 

Eurolith) is also under way for the manufacture of these systems 

(cooperation between the author, the French company SIC.~F­
TOTAL, the Greek firm COPALIN and the University of P01t1er 

in La Rochelle , France). 

5. Precipitation of suspended particles. Cleaning 

Particles of less than 500 nm, that are suspended in the air, i.e. 

colloids, precipitate onto the sulphated surfaces of monuments 

and statues staining them either red (Fe 2 0 3 ), or black (C) (19). 

This colour can be removed by thermal LASER beams which are 

focused on these particles and sublimate them without damaging 

the marble, or by the new striking pul se LASER, as long as this 

process does not eliminate the gypsum films. They can also be 

removed with packs made of absorptive substances (such as 

attapulgite, sepiolite or bentonite) prepared with sulphate­

saturated water or with a non- hydrous medium so as not to 

dissolve the gypsum, as has already been pointed out , preserving 

the details of the sculptures (see p. 23). The pack is not applied 

directly to the marble surface, but has Japanese paper in 

between. For the same reason, all other cleaning methods which 

entail the destruction of the gypsum film should be avoided. 

It was also confirmed that the sulphation inversion process 

simultaneously cleans the surface (Fig. 17), since the molecular 

volume of the calcite is smaller than that of the gypsum , and 

the suspended particles which have settled are loosened and 

removed (51). (See also A.II.3, 4). 

Monument surfaces onto which water runs and collects also 

become soiled by a combination of recrystallized calcium carbo­

nate , sulphation and the precipitation of suspended particles. 

Thus a "black crust" is formed. In these instances, flat surfaces 

I:x. 17. At points (a) trea tment (spraying) was undertaken with a 
solution or K 2 C01 sawrated with CaC0

1
. 
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can be cleaned by tools, micropart icl e bl as ting , ultrasound, 
absorpti ve packs , LASER, sulph ation in vers ion (5 1) and bacteria 

(52). On sculpted surfaces, the on ly methods adv isable are those 

employi ng special tools , and possibly absorptive packs o r the 
sulphation inversion method (5 I ). 

6. Creation of artificial patina 

During restoration works, when new marble or white concrete 
reproductions are added, it may be desirable t o give the new 

pieces a patina the same tone as that of the older members, to 

avoid any gr eat contrast between the new and the ancient 

material (as is now the case on the Erechtheion); at the same 
time, the new pieces should be distinguishable from the o ld. 

Thus the need arose t o create an arti f icial patina. Older 
empirical meth ods consisted of using an iodine so lution , ru st in 

vinegar, clay, MnS0 4 etc. ; but the results were not sati sfactory. 

After a number of tests, we came up with two new methods (53): 

a) Use of an Fe 2 (S0 4 h so lut ion. 

b) Various iron oxides in an acry lic medium. 
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The latter method, which has already been applied on a small 
scale on the Acropolis as a pilot project, not only achieves the 
appropriate shades ranging from light brown to yellow or pink , 
but also protects both new marble and the polymer medium. 

7. Strengthening the mechanical resistance of CaC0 3 

H 0 
Lime CaO 

2 
Ca(OH) 2 , in the form of a saturated solution 

(lime water) or in suspension (lime- milk) or paste (lime- putty), is 
used according to each individual case to preserve and restore 
marble (attaching pieces, filling cracks) wh ich has suffered surface 
deterioration from atmospheric attack and for which white concrete 
cannot be used because of its viscosity. Ca(OH) 2 reacts with the 
C0

2 
of the atmosphere and becomes CaC0 3 . This conversion is 

very slow, and the Ca(OH)z ~ CaC0 3 mi xture has a very low 
mechanical res istance over long periods of time. Even after the 
fu ll con vers ion into CaC0 3 , the resistance is limited, since large 
CaC0

3 
crystals are formed, due to the slow rate of the reaction. 

The increase in the mechanical resistance of CaC0 3 , which is 
required in order to avoid the use of metallic clamps, can be 
achieved when the crystal s are small : this occurs when the 

reaction rate is fast. 
Tests were conducted at different temperatures (54) which 

should not exceed 32-35 ° C when lime i s used. We also 
conducted tests with di fferent C0 2 content in the environment 
(Fig. 18, 19) and found the maximum mechanical resist ance at 

--110 1--- eucceasive atAips 
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Fig. 18. Form of" samples. 

12 
2 s•c 

10 

8 

E 6 
-Co' 
Ol 

:o<: 
4 

2 j 

OJ 10 20 30 40 50 
003"'· •t.co2 

Fig. 19. Kg/ cm 2 for the detachment of marble pieces which were bonded 
with lim e as a !Ltnction of the % content of" C0 2 in the 

environment (for a conversion CaO H, o Ca(O Hh ~ 

CaC0 3 > 90%) . 

35 

25 % C0 2 , i n an artifici al environment , which can be achieved 
both in th e conservation labo ratory and in situ. Finally the 
CaC0 3 content in Ca(OH)z (auto- catalysis) offers maximum 
resistance when CaC0 3 is 6% of the so lid lime (Fig. 20). 
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Fig. 20. Kg / cm 2 tor th e detachment of" marble pieces (which were 
bonded with l im e) as a function of" th e initial content of 

CaCO, in the lime (lor a conversion CaO ~ Ca (OH) 
co, 

2 

~ CaC0 3 > 90%). 
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This method (addition of CaC0 3 ) is already in use on the 
Acropolis monuments (F ig. 20) and in the museum (CaC0 3 and 
C0 2 ). Sometimes white cement is added to the lime to improv_e 
its mechanical properties, especially because if the CaC0 3 ts 
converted to CaS0 4 • 2 H 2 0, over a long period, the parts which 

were attached will stay in place and wi ll not fall off. 

Fig. 21. Form of' 
samples 
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Fig. 22. Histog ram or the load to fa ilure ­
pretrea tment. 

8. Resistance of marble to tensile stress 

Pentelic marble was tested (55 ) for res istance to tensile stress 
(Fig. 21 ) both before and after exposure to 50 2 for four days or 
to a weak sulphuric acid so luti on for I min . The results can be 
seen on the hi stogram (Fig. 22) . It was found that acry­
lic+ Al 2 0 3 protects marble from thi s type of damage in the 

presence of 50 2 . 

II. CHARACTERIZATIONS, MORTARS, CLEANING 

K. Kouzeli, PhD Chemist , 
N. Beloyannis, PhD Chern. Eng . 

Stone Institute , 
Ministry of Culture 

1. Study of the remammg monochromatic surface layers 
and polychromy on the Parthenon surfaces 

In thi s study (56, 57) , an analysis was conducted on two types 
of colour traces on the Acropol is monument su r faces , raising 
questions about their nature and origin: 

a. An orange- brown layer adhering to the marb le surface 
which has also penetrated in intergranular regions of the marble 
and is described as an " epiderm is" (sk in ). This layer has a total 
thickness of about 150 f-tm. Its characteristic feature is the 
presence of phosphorus uniformly di stributed in the form of 
apat ite throughout the ent ire thickness. Calcium oxalates were 
also detected (but in very small concentrations) as was gypsum . 
On the outer part of the sk in , to a depth of about 30 f-tm, traces 
of the elements Fe, AI, Si and K , were found, a fact which led us 
to the conclusion that the co lour of the skin was attributab le to 
deposits. (Fig. 23). 

b. An off- white (beige) layer covering the skin is superficial 
and is described as a "coating". Analysis proved it to be a thin 
artificial layer (lime wash) about 70 f-tm in thickness , which has 
become su lphated to a large degree. 

Finally , analysis of the blue colour found on the mutule, the 
heads of the metopes and the triglyphs showed that it was 
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Ca . Si. AI. Fe. Mg. K. P. S. Cl. Na a re detected 

Ca. P. S. Cl. Na a re detected. 

Marbl e c rysta ls 

Fig. 23. Cross - section of sulphated. stained marble. 

Egypti an blue (CaCu 5i 4 0 10), while the analysis of the red co lour 
found on the intermediate paths of the corni ce, proved it to be 
an iron ox ide (hematite) . 

2. Aluminosilicate veins in the Acropolis marble 

This study (58) reports on the examination of foreign (non ­
calcitic) inclusions in the Acropoli s marble. The minerals in all the 
vein s were identified: micas (muscov ite, biotite , glauconite, 
sodium - muscovite, fengite), feldspars (sodium and potass ium), 
quartz, chlorite, titanite, iron oxides and mineral sulphates (mainly 
of iron), and their contribution to the deterioration of the marbl e 

was explained. 
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3. Trial applications of surface cleaning methods to remove 
the black crust 

This project (59) consisted of establishing all the criteria for 
selecting a cleaning method and conducting tri al applications of 
some of the internationally proposed methods that met these 
criteria. The best results aesthetically were achieved by applying 
a " biological pack" (59 a). This method is inexpen si ve to use and 
not excess ivel y time- consuming. 

4. Effects on the Pentelic marble of the various methods 
for removing black crust 

Thi s study (60) investi gated the effects on Pentelic marble of 
the various methods use d internationally to remove the black 
cru st (which contains gypsum , soot etc .). Particular emphasis 
was gi ven to the biological pack , given that thi s method offered 
highl y sati sfactory results during its test application s. 

It demonstrated th at th e biological pack has no effect on 
Pentelic marble. It was, however, stre ssed th at the biological 
pack acts selectivel y to remove gypsum and con sequently , where 
sculpted ornamentation is involved, it obliterates any details 
whi ch may have been preserved on the surface of the gypsum 
laye rs (2 1- 26). 

T ests were lik ew ise co nducted to determine the ef fects on 
surfaces cleaned by th e biological pack meth od and on those 
covered by a bl ack cru st , under conditions of acce lerated aging 
(50 2 atmoshere, moi sture). Th e black crust appeared somehow 
to have slowed down the 50 2 attack on the marbl e, giving up its 
own calcite to be sulphated. 

5. Preparation and study of the properties of mortars 
suitable for use on Pentelic marble in an urban 
environment 

M ortars (61 , 62) of various composltlons were formulated 
and prepared for the following uses: 
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a. Sealing 
b. Injection grout ing 
c. Attaching small flakes 

The properties of each mortar studied were a funct ion of the 
use for which it was intended. A lso, the effect of the mortars on 
marbl e was examined under condition s of acce lerated aging (SOz 

atmosphere, moisture) and acid rain. 
Fin all y the mortars with the best properti es were se lected. 

III. CONTRIBUTION OF THE BIOLOGICAL FACTOR 
TO THE DETERIORATION OF THE 

ACROPOLIS MONUMENTS 

The probl em of the biol ogical factor in the deterioration of 
the marb le on the Acropolis was recognised by CPAM soon 
after its establi shment ( 1975). Studies an d research have been 
conducted by Greek and foreign experts aiming to identi fy and 
combat the effects of microo rgan isms. The research is st ill in 
progress . 

S .B. Curri 
Professor, Molecular Biology Centre , Milan 

In 1979 a series of papers were publi shed on the microbiolo­
gical deteriorat ion of Cecrops - Pandrossos, the Car yat ids and the 
Parthenon co lumn surfaces. Bacterial colonies were identified and 
quantifi ed (63-66). I sothi azo linone chl oride was se lected as the 
most suitable biocide fo r the bacteri a identifi ed. The Caryatids 
and the statue group Cecrops- Pandrossos were sprayed with a 
5% soluti on of isothiazolinone ch loride in acetone before they 
were enclosed in glass cases with circu lat ing nitrogen (p. 29). 

K. Anagnostidis 
Professor, Bio logy Department , University of Athens a nd 

A. Economou- Amilli and M. Roussomoustakaki 

A study of the epi li thic and chasmolithi c (cyanoph y ta, 
bacill ari ophyta) micro flora on the Parth enon marbl e was 
publi shed in 1983 (67). 

W .E. Krumbein 
Professor of Geomicrobiology I.C.B .M. 

University of Karl von Ossietzky, Oldenburg 
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C.E. Urzi 
Researcher at the Microbiology Institute 

Faculty of Science, University of Messina 
A. Pantazidou 

Lecturer, Biology Department, University of Athens 

As part of CPAM's efforts, we were assigned to study and 
record microflora, to research methods of combatting them and 
to examine the possible interrelations between the biological 
factor and the various types of deterioration which have been 
ascertained by conservators on and in the Acropolis marble. 

To this end samples were taken (68, 69) in April and June 
1991 from areas where the marbles showed typical deterioration 
and colour alterations. In almost all cases the mass development 
of microorganisms was ascertained macroscopically within the 
fissures and cracks, under the spalling, between the grains of the 

marble and elsewhere. 

Fig. 24. Biological attack . Fungi penetrating under a marble g rain and 
detaching it. Parthenon. (Scan ning electron microg raph , 

Krumbein ). 
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Analysis of natural and cultured material using an optical 
microscope and a scanning electron microscope revealed the 
presence of a variety of microbial colonies . These colonies 
consisted of bacteria, actinomyces, cyanobacteria, algae (mainly 
green algae), fungi and lichens (68 , 69). 

It was found that the contribution of the biological factor to the 
physico- chemical decay of the marble was significant. The epilithic 
and chasmolithic microflora on the Acropolis marble play a large 
part in tinting the Pentelic marble, which was initially white. This 
colour alteration is mainly due to the pigments of the micro_ 
organisms and less so to the inorganic particles (soot) deposited 
on the marble. Secretions of organic acids and other corrosi ve 
substances by some microorganisms cause the calcium carbonate 
to dissolve and exacerbate the ex isting situation. In addition, most 
of the microflora provoke damage through various mechanisms by 
exerting minute pressures on the marble, extending the network of 
tiny cracks and creating microscopic cavities (Fig. 24, 25). 

Fig. 25. Biological attack. Marble "pitting " by black yeasts. The yeasts 
have a shape similar to Pentelic marble crystals and penetrate 
deep , sometim es also by hyphae {ormation. Th eatre of" 
Dionysus. (Scanning elect ron micrograph, Krumbein). 
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The microflora growing on and in the marble were tested 
under laboratory conditions with biocidally active chemical 
substances. To test the effectiveness of the biocides and check the 
possibility of their potentially corrosive action on the Pentelic 
marble, a series of experiments were carried out on a large 
number of microorganisms taken directly from the marble and 
isolated in axenic cultures . It was obvious that no intervention to 
suppress and kill the microorganisms could be attempted unless a 
study was first conducted of the method 's compatibility with 
Pentelic marble and unless the conditions of th~ macro- and the 
micro- environment were taken into account. 

It is noted that intervention with biocides , without parallel 
concern for the cleaning and con servation of the marble surface , 
does not so lve the biocorrosion problem on the Acropolis 
monuments. Moreover, the organic microfloral remain s might 
poss ibly be used by new organisms. From the foregoing it is 
clear that the biological condition of the Acropoli s marble must 
be checked at regular intervals both because of the unique 
nature o f the monuments and because o f their constant 
bombardment with the organic and inorganic pollutants 
characteristic of the area surrounding the Acropolis, at least for 

the present. 

IV. GAMMAGRAPHY 

L. Hatziandreou, G. Ladopoulos 
National Scientific Research Centre "Democritus" 

An examination using y - rays was carried out on marble 
members of the Erechtheion and the Propylaea (entablature just 
above the Caryatids and coffered ceiling slab respecuvely) . A 
Co 60 (7.5 curies) radiation source was used. The method revealed 
information about internal cracks and hitherto unknown metal 
inserts (70) . 

Fig. 26. Gammagraphy of' a marble member. 



V. COMBATTING PLANT GROWTH 

K. Cholevas, I. Giannopolitis 
Weed Department 

Benakeio Phytopathological Institute 

Experimental applications of weed- killers were proposed to 

combat the various plants growing on the monuments and on 
the ground (71). 

VI. KEEPING PIGEONS AWAY FROM THE 
MONUMENTS 

I. Karakatsanis, PhD , Physicist 
Microelectronics Institute 

National Scientific Research Centre "Democritus" 

A study was conducted on the effectiveness of using 
ultrasound to keep pigeons away from the monuments; a 
proposal was made to install special equipment to this end. 

PARTB 

APPLICATION PROGRAMME 



THE CONSERVATION PROGRAMME 

Y. Dog ani, A. Moraitou, A. Galanos 
Ephorate of Antiquities , Ministry of Culture 

Introduction 

The term "conservation" refers to all interventions conducted 
on cultural heritage works or their environment which aim to 
prevent or arrest their deterioration. These interventions 
-according to the Venice Charter (72)- "aim to preserve them 
both as works of art and as historical evidence" without 
changing their form or texture. 

Conservation work on the Acro polis monuments focuses on 
the surface of the marble and has , since 1986, constituted a 
separate progamme, conducted and coordinated simu ltaneously 
with the structural restoration programmes. 

The conservation project which is being executed on the 
Acropolis monuments today includes active conservation, 
consisting of consolidation interventions on the monuments 
themselves or on detached members either in the site workshops 
or in the conservation laboratory of the Acropolis Museum; and 
passive conservation, consisting of interventions mainly of a 
preventive nature , such as transferring architectural scu lptures 
from the monuments to the museum and placing some of them in 
an inert nitrogen environment (p. 29). 

1. Condition of the monument surfaces 

The Problems 

Loss of marble cohesion and continuity 

The isolated or combined action of mechanical, chemical and 
biological factors, in conjunction with the surrounding micro-
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climate and the microstructure of the marble, cause the 
following forms of deterioration (73): 

a) Cracking: Interruption in the continuity of the marble, 
which can lead to full- width cracks that result in the detachment 
of fragments. 

b) Delamination: Formation of cracks parallel to the 
surface, accompanied by the imminent flaking of the marble 
(Fig. 27). 

c) Exfoliation: Formation of marble flakes with reduced 
mechanical endurance. 

d) "Sugaring": Intergranular decohesion and loss of marble 
crystals from the surface (Fig. 28). 

Fig. 27. Delamination. 
Detail From a 
Parthenon column. 

Fig. 28. " Sugaring " 

e) Disintegration: Loss of marble cohesion in depth in the 
form of intergranular decohesion and/or a network of micro­
fissures. (Fig. 29). 

f) Pitting: Appearance of small semi- spherical holes (diam. 
0,2-0,7 em) either sporadically or in clusters (Fig. 30). 

Fig. 29. Disintegration of" the mar­
ble in conjuction with de­
posits of" soot and the 
formation of" black crust. 

g) Differential weathering: 
marble surface , determined by 
the material (Fig. 31). 
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Fig. 30. Pitting . 

Non- uniform reduction of the 
the geological heterogeneity of 

Fig. 31. Differential weathering. 
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Foreign non- calciUc inclusions (micas, feldspars, quartz, 
chlorite, titanite, iron oxides, and mineral sulphates , mainly of 
iron) existing in the Pentelic marble of the Acropolis constitute 
regions of heterogeneity. Certain of these are attacked more 
rapidly, break down and disintegrate, causing cavities and 
creating more fronts on which the marble can be attacked. 

Microorganisms 

Apart from their proven contribution to monument deterioration 
(68), the various epilithic (Fig. 32), endolithic and chasmolithic 
organisms hinder the successful application of conservation material 
and also geopardize the long- term effectiveness of the conservation 
treatment. More over epilithic and endolithic biota can cause 
chromatic alteration of the Pentelic marble. 

Fig. 32. Epilithic and endolithic organisms on the north cre pidoma of 
the Erechtheion. 

Deposition 

The exposure of monuments to atmospheric pollutants and 
suspended particles modifies their colour in places which are not 
washed by rainwater. Deposits of dust and soot particles, in 
conjuction with the phenomena of calcium carbonate 
recrystallisation, create loose deposits, and cause black crust and 
black dendritic crust to form (Fig. 33). 

Rust stains 

Chromatic alteration on a smaller scale is caused by the 
corrosion products of steel elements. 
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Fig. 33. Black dendritic crust on a Parthenon mutule .. 

Pigeons 

Pigeons can cause mechanical deterioration of the marble, 
while their droppings soil the monuments and can cause 
chemical decay (p. 46). 

Vegetation 

The roots of the various species of plants growing in cracks 
and joints can cause mechanical and chemical damage to the 
ancient marble and give the impression that the monuments are 
abandoned (p. 46). 

Historical traces on the marble surfaces 

Orange - brown skin 

On the surface of the monuments, and frequently on the 
sculptures, an orange- brown layer of about 180 [lm is observed. 
It consists chiefly of calcium oxalate, iron and phosphorus (56, 
73). This layer is not merely a superficial coating, but penetrates 
into the intergranular regions. It may have been an ancient 
protective treatment of the surface, but the possibility of a 
biogenic origin cannot be ruled out (69) (Fig. 34 ). 

Off- white coating 

This term is used to describe the relatively uniform off- white 
(beige) layer about 70 [lm thick on the Parthenon which has 
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Fig. 34. Detail of orange­
brown layer on the 
Parthenon. 

Fig. 35. Engraved ship on a 
Parthenon column 
(graffiti). 

been observed on top of the orange- brown skin (p. 37). Its 
chemical analysis (calcium carbonate and gypsum) and the 
brushstroke traces it bears indicate that it is a subsequent 
protective lime wash (Fig. 35). 

Painted decoration 

Traces of ancient painted decoration are preserved today in a 
fragmentary form on the surface of the monuments (57, 74) 
(Fig. 36). 

Fig. 36. Egyptian blue can be discerned under the beige coating. A. TP. 
13. Parthenon. 
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Traces of red (hematite, Fe 2 0 3 ) and blue (Egyptian blue) 
pigments have been recorded and analysed, while vestiges of 
engraved contour lines are still visible (p. 38). 

In certain cases, the existence of decoration can be 
ascertained indirectly through the differential wear of painted 
and unpainted areas of marble. 

Graffiti 

Graffiti from different periods (names, designs, invocations, 
etc.) are preserved on the monument surfaces. These engravings 
constitute a source of historical data, mainly from the Christian 
era (75) (Fig. 35). 

2. Historical data relative to the conservation of the 
Acropolis monuments 

Systematic or preventive conservation works on the 
Acropolis monument surfaces have been executed in the past, 
within the framework of broader restoration interventions: the 
project undertaken by N. Balanos (1898- 1940), interventions by 
the Restoration Service (1940-1960) and the Acropolis Ephorate 
(1960- 1975) (73). 

These interventions included re-attaching detached fragments, 
consolidating loose fragments , filling cracks and generally sealing 
cracks and joints to prevent vegetation and water penetration. 

Mortars based on Meyer cement (inorganic magnesium 
oxychloride or Sorel cement) were primarily used to attach 
fragments and seal cracks; the percentage of aggregate added 
was dependent on the intended use. 

To reinforce attachments and consolidation interventions, 
copper wire in the form of staples was used up to the 1960s 
(Fig. 37) ; later, brass pins were used. 

The major drawbacks of Sorel cement (water solubility, 
expansion force exerted on the marble , chloride content) (76) 
led, upon recommendation by CPAM, to its replacement by 
white Portland cemen-t. 
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Fig. 37. Detail from previous 
consolidation interven­
tion in 1922- 1933 with 
Meyer cement and 
copper rivets. Parthe­
non A.K. 2. 11. 

Fig. 38. Same region as shown 
in Fig. 37, after the de­
laminated piece has been 
detached. Parthenon A.K. 
2. 11. 

The use of visible metal reinforcements in the form of pins 
was also abandoned in 1975 in favour of the installation of 
invisible titanium dowels (3, 4 ). 

3. Conservation treatment 

The conservation of the monuments (Fig . 37 -44) 

The conservation of monuments generally entails three 
phases: consolidation, cleaning and protection. 

The conservation work executed today on a broad scale on 
the Acropolis monuments centers on consolidation. This 
systematic task started on the Parthenon in 1988 and was 
extended as an organised programme to the Propylaea in 1990. 
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Consolidation consists of a series of interventions a1mmg at 
restoring the various manifestations of the marble 's loss of 
coherence (73). Specifically: 

a) Attachment: The fragments of marble which have become 
loosened or detached are cleaned on the broken surface and 
attached with white Portland cement. When the fragment is in 
good condition, the bond is reinforced with a titanium dowel. 
When spalls or small flakes are to be attached, a mortar of 
reduced strength is used consisting of a mixture of cement and 
lime with the addition of 6% CaC0 3 . (54). 

Fig. 39. The delaminated area 
after cleaning or the 
broken surface. A.K. 
2.11. 

Fig. 40. After the reattacment 
or the delamination. 
Parthenon A.K. 2.11. 

b) Injection grouting: Wherever interior spaces are detected 
optically or acoustically, they are cleaned by air or water under 
pressure and hydrogen peroxide. They are then filled by 
injecting cement or a mixture of cement and lime, according to 
the strength required (Fig. 41). 
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c) Sealing: For shallow cracks , as well as after attachments 
or injection grouting, the joint is sealed with mortar made from 
a mixture of cement, lime and quartz sand. Pigment is added to 
the mortar to ensure its chromatic harmonisation with the 
ancient marble , together with 6% of the weight of the lime in 
calcium carbonate, to accelerate hardening of the mortar (54). 

d) Impregnation: Wherever the marble exhibits intergranular 
decohesion (e.g. sugaring or microfissuring in depth) the marble 
is sprayed or impregnated with a solution or a suspension of 
lime in water, with the addition of 6% calcium carbonate (54) 
(Fig. 42). 

Fig. 41. Injection grouting of 
internal cavities. 
Propy laea. B - 11. 0.6. 

Fig. 42. Impregnating disintegra­
ted marble to restore 
the coherence of the 
crystals. 

To date , the protection of the monuments has been effected 
indirectly , by tran sferring the sculptures to the Acropolis 
Museum. There are no protective measures applied to the 
monuments themselves, since the known coating material s that 
have been in use up to the present are not guaranteed to be 
safe over the long-term so that we might use them on the 
Acropoli s monuments. Research at the National Technical 
University of Athens continues , aiming to find a protection 
method based on the corrosion mechanism (45- 50). 

Finall y, even though the research is almost complete (5 L, 59, 
60) a cleaning programme has not yet been applied since it is 
directl y linked with the application of some method of protection. Fig. 43. In s itu preventi ve consolidation inter ventions on the 

Parthenon 's west frieze before dismantling. 

59 
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The question of vegetation on the Acropolis monuments is 
dealt with by the periodic uprooting of the various plants and 
the sealing of cracks and joints, while a satisfactory solution has 
not yet been found for preventing soiling by pigeons. 

The conservation materials 

The conservation materials used are inorganic materials 
selected especially for the Pentelic marble of the Acropolis 
monuments (2, 3, 4, 54). 

The cement used is white Portland cement with a low 
sulphate content. The addition of lime to the exterior sealing 
mortars increases the plasticity of the mortar and reduces its 
strength, while quartz sand has been selected as an aggregate on 
the basis of its inertia to acid pollutants (5 , 6, 61, 62). 

Wherever lime is used (in the injections, seals, lime water 
etc.) 6% (of the weight of the lime) calcium carbonate is added 
to the mixture to speed up its conversion to calcium carbonate 
and to increase its hardeness. (54) 

Conservation of the sculptures 

Passive conservation 

Passive conservation consists in transferring the architectural 
sculptures from monuments to a museum environment and placing 
certain of them in an inert nitrogen atmosphere ( 19). So far, 
figures B, C and W from the west pediment and the metopes from 
the east side of the Parthenon, as well as the Caryatids from the 
Erechtheion have been transported to the Acropolis Museum. The 
transfer of the marbles from the west frieze of the Parthenon 
began in January of 1993, and was completed in July of the same 
year. Of these statues, the Cecrops- Kore group and the Caryatids 
are kept in a nitrogen atmosphere . 

Active conservation on sculptures 

The materials used to consolidate the surface of the sculptures 
in a museum environment are the same inorganic materials 
employed on architectural members exposed to the open air, 
but adapted to museum requirements. Intervention to consolidate 

Fig. 44. Horses From the Chariot of the Sun , from the east pediment or 
the Acropolis during conservation work . 

61 

the surface in order to take casts were conducted on the Chariot 
of the Sun horses from the east pediment of the Parthenon (Fig. 
44), and the blo6k with the lion's head from the northeastern 
corner of its entablature. 

Conservation of other movable objects 

During the dismantling of a monument's architectural members, 
objects come to light which are associated with the structure and 
history of the monument in question. 

Wooden palos and embolio 

The palos and embolio (80) (wooden elements used for the 
centering of the column drums) which were found during the 
dismantling of the capital on the 5th column of the Parthenon's 
south side was morphologically intact, but split in several parts and 
wet. The palos presented shearing deformation. Directly correlated 
with the embolio were traces of the red pigment and marble powder 
used by the ancients to make the embolio fit into the marble joint. 
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From the moment of its discovery until its conservation , the 
embolio was kept in aseptic conditions with relative humidity 
of 60-70% at a temperature of ± 18° C. To consolidate it, a 
synthetic resin was used (copolymer of ethyl methacrylate and 
methyl acrylate). The embolio is kept in the Acropolis Museum. 

Steel junctions 

The ancient junctions which were removed from the monuments 
have been stored in the Acropolis Museum in a low humidity 
environment to prevent further deterioration (81, 82). 

4. Documentation 

In accordance with article 16 of the Venice Charter, "all 
phases of the consolidation works ... as well as all the technical 
and morphological facts ascertained during the works should be 
recorded in detail.. .". 
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Fig. 45. Photographic documentation card. 
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For practical reasons, owing to the size of the monuments, 
the basic unit of documentation adopted was the architectural 
member. The documentation includes (73, 77): 

Photographs: Each member is photographed before, during 
and after conservation works; thus a photographic record is 
created for each member (Fig. 45). 

Mapping: On a drawing of the member (scale I: 10) the 
following data are mapped in various colours: the monochro­
matic surface layers/polychromy, the deposits, the past con­
servation interventions and the present interventions (Fig. 46). 

LJ .... I 
[ J ,.,. 
111111 1958 I 

u "" I 
• 1992 

Fig. 46. West frieze of the Parthenon. Block X. Ancient surface layers. 
Comparison over time 1910 to 1992. (Mapping A. Galanou. 
Y . Dogani). 

Each group of data is mapped on a separate transparent 
sheet so that , by overlaying the sheets, one has a complete 
picture of the conservation status of the member. 

The above documents (photographic reports, mappings) are 
kept in files (one for each architectural member). 
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Journal 

A journal is kept of the conservation works in which the 
interventions are described in detail. In some cases, the extent of 
the preserved surface layers, the painted ornamentation and the 
graffiti are recorded on transparent sheets of PVC on a 1 : 1 scale. 

It is planned that the above documents will be computeri zed 

for easy access and processing. 

5. Technical infrastructure 

The technical infrastructure deemed necessary for the 

conservation task includes: 

a) Scaffolding (Fig. 4 7) and special tool kits for in situ work 

on the monuments. 

b) On site workshops 

Fig. 47 View or scafFolding on east side or Parthenon. 
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Fig. 48. View or the conservation laboratory in the Acropolis Museum. 

c) A fully equipped conservation laboratory in the Acropolis 
Museum for the conservation of the sculptures (Fig. 48). 

6. Personnel 

The conservation works are being carried out on the 
Parthenon by conservators Y. Dogani, A. Galanos and A. Panou 
and by specialist marble masons I. Kladios, K. Dimopoulos, I. 
Skalkotos and A. Lyritis. 

Work on the Propylaea is being conducted by conservators 
A. Moraitou and M . Papadimitriou and specialist masons T. 
Kozokos and L. Michalakos, and on the Temple of Athena Nike 
by conservator A. Babanika. 

In the Museum laboratory, the conservation of statues is 
conducted by conservators G. Paganis and D. Maraziotis. 

Mrs E. Papakonstantinou , chemical engineer, is coordinating 
the conservation work while the programme as a whole is under 
the scientific direction of Prof. Th. Skoulikidis, Professor of the 
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NTUA and member of the CPAM, and the administrative 
responsibility of the Acropolis Ephorate. 

Periodically, apprenticeships are undertaken by students from 
the Conservation of Antiquities and Works of Art Department 
of the Athens Technological Educational Institute (TEl) upon 
assignment by the Acropolis Director. 
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