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Preface

This volume contains the papers from the 10th EUROMARBLE workshop on the deterioration and conservation 
of marble. The meeting was held October 7-9, 1999 at the National Heritage Board in Stockholm and about 
40 conservation scientists and conservators from eight European countries attended.

The European co-operation within EUROMARBLE since 1990 has lead to an improved basis for conservation work on 
marble. Also, many of the results are applicable to the broader field of stone conservation.

In my opinion EUROMARBLE has been particularly successful in the field of testing. Newly developed investigation 
methods have been implemented in a systematic way in several countries to describe the condition of the stone in a much 
more thorough way than by simple visual observation. A couple of examples are ultrasonic testing and sampling for 
micro-organisms. The exchange of information at the annual workshops has also led to the understanding that there is not 
just one mechanism responsible for the deterioration. Instead mechanical, biological and purely chemical factors all 
contribute.

The papers provide a state-of-the-art review on the present understanding of weathering processes in marble.

Stockholm in December 1999

Ulf Lindborg 
Workshop organiser

Preface 5





Welcome Address

It is a great pleasure for me to welcome you at the 10th workshop of the EUROCARE-EUROMARBELE 
project. This year, Sweden hosts us for the second time. For this reason I would like to express my 
cordial thanks to the organisers, in particular to Ulf Lindborg who has accompanied EUROMARBLE 
from its beginning and has contributed a great deal to its success.

The 10th anniversary is a good opportunity to look back to the history of our project. I am very pleased 
to see that the number of participants is still increasing. This demonstrates an unbroken interest in the 
conservation of marble which is certainly the most important monumental stone in the world. 
Innumerable works of art decorate buildings, embellish gardens and remind of important events in every 
nation’s history. Within the past 11 years we made great progress in understanding how marble 
deteriorates and how the need and the effectiveness of conservation measures can be evaluated. I would 
like to mention the investigations into the dissolution kinetics of carbonatic species, the ultrasound 
technique for determining the state of marble and the tomographic investigations which help us to 
understand the decay of the material ”marble” as a three dimensional problem.

However, we are still lacking a broader variety of conservation options and have to look for promising 
conservation materials and intelligent application methods as to arrive at successful and durable 
conservations.

Without any doubt, the success of EUROMARBLE is based on the dedication of each member to our 
scientific goals and on the believe in personal friendship and international co-operation, even under 
smallest financial resources. Nevertheless, but certainly because of everyones personal efforts it 
happened that we can now proudly present an complete series of EUROMARBLE workshop 
proceedings which now comprises 10 issues.

Concluding my welcome address I would like to thank again our hosts. I wish all of us a successful 
workshop.

Stockholm, October 1999

Rolf Snethlage 
Chairman
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MARBLES IN SWEDISH BUILDINGS AND THEIR PROVENANCE

R. Löfvendahl1, L. Bengtsson2, R. Kumpulainen3 & G. Åberg4
1 National Heritage Board, Box 5405, SE- 114 84 Stockholm
2 City Museum of Stockholm, Peder Myndes Backe 6, SE - 116 46 Stockholm
3 Department of Geology, Stockholm University, SE - 106 91 Stockholm
4 Institute of Energy Technology, P.O.Box 40, N - 2007 Kjeller

Abstract
Swedish marbles are of Precambrian age and estimated to be formed 
approximately 2 000 Ma ago. They were quarried in a larger scale from the 
middle of the 19 th century for about a hundred years in the eastern part of Sweden 
around the lakes Mälaren and Hjälmaren; some of the quarries are still in 
operation. These marbles are generally greenish in colour because of their content 
of amphiboles and pyroxenes. Their provenance is difficult to infer by ocular 
inspection. In addition, there is plenty of unidentified marbles and limestones in 
buildings and museum collections. Hence, a reconnaissance survey was made 
with two major issues:
• Can polarising microscopy, cathodoluminiscence technique and stable isotopic 

analyses of the systems C, O and Sr be used to characterize different marble 
types regionally or are there also differences within each quarry?

• Can unidentified marbles and limestones in collections be characterized and 
their provenance traced with the methods mentioned above?

Our examination has given following results:
• The Swedish marble types are quite heterogeneous microscopically and 

isotopically with the exception of the Ekeberg marble. The number of analyses 
from each deposit is limited and further analyses will show if individual 
quarries are homogeneous or not.

• A marly, dolomitized limestone was extensively used in buildings of the 
dynasty de la Gardie during the 17th century. It is very homogeneous 
mineralogically and isotopically. Its provenance is still unknown, but should 
be looked for in areas with Phanerozoic sedimentary rocks, may be in the 
Baltic region outside Sweden.

• A pinkish marble used frequently in the late 16th century in both Finland and 
Sweden was quarried in Vestlax, SW Finland. The quarry, now exhausted, 
was worked by a German stone-mason and seems to have been owned by king 
Johan III.

• The occurrence of Carrara marble with its distinct isotope signal has been 
confirmed in two cases.

Marbles in Swedish Buildings and their Provenance 9



Learning by looking backwards - A conservator’s view

Hans-Erik Hansson

Department of Conservation 
National Heritage Board 
Box 5405
S-114 84 Stockholm, Sweden

Introduction

I work as a conservator at the National Heritage Board mainly with the conservation of stone. 
This talk is going to focus on the need of learning by looking backwards. I am not going to 
talk only about marble objects. Most of our heritage in stone is 
in prehistoric times (rune-stones and rock carvings): granite, 
in early Christian times and until 18-1900: sandstone and limestone.
Only at the end of the last century domestic marbles begin to be used in larger volumes. 
Domestic marbles have been quarried in smaller quantities since medieval times, but never to 
a large extent. This is also reflected in the experiences of stone conservation since a majority 
of conserved objects are in other stones than marble. Nevertheless, some features are directly 
translatable from stones to stones.

We have seen the need for systematic re-inspection and evaluation of earlier conservation 
work.

Conservation practise

We all know that the conservation ethics tells us that we have to work with materials and 
methods that are limited in one or another way. The ethics tells us that we need to have full 
control over reversibility, ageing properties, porosity, water absorption properties, workability 
and so on. We all know, too, that at the end of the day we stand there on the scaffolding with 
a limited range of materials and methods. We only have partial control over these when it 
comes to ageing, changes and not the least the possibilities of regretting the intrusion, i e 
reversibility.

When it comes to ageing of materials we need to consider not only the materials themselves, 
but also in what manner they have been used. Who used them? What is the individual 
conservator’s/practitioner’s way of using a material? We could for example look at such a 
common thing as the mending of damaged stone objects. Most conservators in Sweden use a 
pre-manufactured mortar called Stentebliks lagningsbruk for the mending of sandstone. The 
National Heritage Board has for a couple of years been evaluating the results of earlier 
conservation. In this evaluation it has been most obvious that even such straightforward work 
as mending stone is done in many different ways. The mortar has been used in different 
consistency, different layer-thicknesses of mortars, and pigments are added to the mortar or 
just on top as patination of the mending. Some conservators build the mending larger than 
intended and grade it down with emery paper, other conservators model it to the right shape at 
once. There are possibilities of differences when it comes to the temperature and humidity, 
which influence the properties of the mending. The list of factors that influence the work can
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become very long, when two conservators work with the same material on the same type of 
stone.

We decided to further emphasise the evaluation of earlier conservation work. The aim is to 
judge the state of preservation of both the object itself as well as the state of preservation of 
the conservation measures. We believe that such an effort can, if systematic, give us 
information on the type of materials and methods that are useful in real-life.

How do we do this work?

Conservation reports

Firstly we read the conservation reports. We have been trying to standardise the conservation 
reports for a number of years. One of the reasons is that we early saw the need for evaluation. 
In short, the reports need to fulfil three characteristics: They need to be true and accurate, they 
need to be useful in field work and they need to have a summing-up in the form of a drawing. 
With this I mean a drawing of the object with symbols for different types of measures taken, 
for example symbols for consolidation, mendings, glueing etc. Such a drawing (blueprint) is 
invaluable when you are standing in front of the object. The symbols give you a quick and 
clear idea of what was done during conservation and where to look for symptoms of ageing. It 
is necessary that these drawings with symbols are of the same scale as the measures taken. It 
does not do with a note that “in this area many small mendings have been made”. To be able 
to evaluate the quality of the mendings you need to have them all inscribed on the drawing, 
otherwise you will not know for example how many mendings have fallen away.

The reports shall also be possible to use on site, which means that they should not be too large 
and should not contain too many photographs.

Inspection of the object

Secondly we go to the object. Many conservation efforts are made in connection with 
restorations, which means that there was scaffolding on site at that time. When we go to the 
object for evaluation, we often do not have the possibility of erecting scaffolding. In some 
cases we work from a sky-lift and in other cases from ladders. This limits the possibility of 
using large and heavy equipment.

Who does the evaluation?

We have so far made most of the evaluation work by staff at the National Heritage Board. We 
have plans of including the private conservator or the National Heritage conservator that has 
performed the actual conservation, but so far this is an exception. There is a possibility of a 
collision of interest. On one hand with the conservator that has done the job and with his 
report, you have access to more information than if you only read the report. On the other 
hand it is perhaps easier to remain objective if the conservator that has done the job is not 
present. It is, however, important that a conservator is in the evaluation team. I believe that 
only a trained conservator can evaluate the state of preservation
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Determination of Micro-Drilling Hardness of Marbles and Sandstones

Birgit Singer, Ilka Homschild, Rolf Snethlage
Bavarian State Conservation Office, Hofgraben 4, D-80539 Munich, Germany

Abstract
MDRMS (Micro-Drilling-Measurement-System) has been developed and tested in a joint 
European project HARDROCK which was funded within the DGXII under Standards, 
Measurements 6 Testing. Project partners came from Italy, Germany, France, UK and 
Portugal. The device proved appropriate for measuring the drilling resistance of a great variety 
of limestones and sandstones. Consolidation with ethylsilicate OH and the penetration depth 
of the consolidant were also detected in each investigated stone type. The virtual increase of 
the drilling force which is caused by the abrasion of the drillbit can be eliminated by a 
mathematical correction function assuming a constant weare of the drilltip.

Introduction
Micro-drilling hardness is a good tool to evaluate the deterioration of natural stones and 
related monumental materials such as brick and renderings. Measurements before and after a 
conservation allow to assess the effectiveness of treatments, in particular the effect of 
consolidants. Contour scales as well as thin cracks can be easiliy detected.

The results which are reported here were obtained within the frame of HARDROCK project, a 
joint European project which was funded by the European Commission DGXII under the 
umbrella of Standards, Measurement and Testing Program. The following persons and 
institutions took part which are listed in the table below:

Italy:

Portugal:
Belgium:
France:

England:
Germany:

Piero Tiano, CNR (Consilio Nationale delle Richerche) - Opere d’Arte 
Emilio Valentini, SINT Technology
José Delgado Rodrigues, LNEC (Laboratorio Nacional de Engenharia Civil)
Eddy de Witte, KIK-IRPA (Koninklijk Instituut voor het Kunstpatrimium) 
Veronique Verges-Belmin, LRMH (Laboratoire de Recherche des Monuments 
Historiques)
Stephen Massey, BRE (The Building Reserch Establishment)
Rolf Snethlage, BLFD (Bayerisches Landesamt für Denkmalpflege)

The objectives of the HARDROCK project were the development and standardization of a 
micro-drilling device which is capable to determine:
• inner microstructure of stones and other materials
• state of decay
• absorption and effectiveness of consolidants

12 Euromarble



correlation of micro-drilling hardness with mechanical properties such as compressive 
strength, porosity or ultrasonic velocity.

Description of the micro-drilling device
The micro-drilling device was constructed by SINT TECHNOLOGY, a SME based in 
Florence, Italy. Contrary to other mechanical systems like DURABO the MDRMS (Micro- 
Drilling-Measurement-System) is fully electronically controlled. It fullfills the following 
requirements:
• eligible rotation speed of the drillbit from 0 to 1200 rpm
• eligible propagation rate of the drillbit from 1 to 20 mm/min, controlled by a stepper motor
• depth of drillhole max. 50 mm
• direct measurement of the drilling force by a load cell within a range of 0 to 100 N.

Figure 1: The MDRMS (Micro-Drilling-Measurement-System).

A photo of the MDRMS is shown in figure 1. The device is normally mounted on a stable 
tripod, however, in special cases the device can also be operated by hand. For measurements 
on small samples in the laboratory, in front of the drilling device a sample holder can be 
mounted with the help of which stone slices can be fixed. The electronic control unit is placed 
in a stable metal case. The drilling curves obtained are saved as electronic files which later 
can be imported into a PC programme which allows to manipulate or smoothen the curves. 
The MDRMS can be operated with net power or accu.

Determination of Micro-Drilling Hardness of Marble and Sandstones 13



Selection of drillbits
The most crucial point of all drilling systems is the selection of appropriate drillbits. It has 
been decided to prefer Widia drillbits instead of costly diamond drillbits. Whereas Widia 
drillbits undergo a strong abrasion when silicious stones are drilled, diamond drills become 
ineffective in the case of most limestones because the fine drill dust smears the small 
diamonds. Moreover, the quality of marketable Widia drills scatters enormously. It has been 
found that even within the same batch the performance of the drillbits varied from 5 to 50 N 
for the same stone.

This problem was overcome by means of an artificial ceramic (ARS) as a reference material 
which was exclusively produced for the purposes of the group. Before ARS was used to test 
the performance of the Widia drillbits, its homogenity was tested with a diamond drill. In 
order to obtain comparable results it has been decided that all drillbits which were used within 
the project were bought by the coordinator and checked by ARS before they were sent to the 
project members. Only those drillbits were kept whose performance was within a range of 20 
to 25 N for the ARS. By means of this procedure it has been secured that all project members 
were supplied with the same quality of drillbits. Each drillbit obtained its own code so that 
unexpected results could be traced back.

Selection of lithotypes
In each participating country, typical monumental stones were selected. A description of the 
mineralogical composition, the porosity and the compressive strength is shown in table 1.

Part ta er Lit bot v pc Classification Cakile Quarts Porosity Comp,
Strength

Drilling
force

Belgium Bafegem sandy timote« 
with teils

4040% 20% 11% 46 MPa 45N

Germany Wltetétælfer silicie sandstene trices mb 12% 84 MPa 43N

Italy Carrara 9S% traces 0,5% m MPa 37N

Germany Sander clay ridi feldspar 
sandstone

fed. 55% 19% 52 MPa 21N

England Merta Parit «litis lim@t«te 92% m 24% IS MPa i IN

Portugal Anęi micntie limestone 96% traces 26% 35 MPa 9N

France T u f fe au mieritie, stlidous 
Ems«*

50% 4M 50% 6 MPa 3M

Table 1: Mineralogical composition and petrophysical properties of the selected lithotypes.

Drilling resistance of non-treated stones
The drilling tests were carried out according to the operative prescriptions which were found 
appropriate for the round robin test (see table 2).
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Lit holy pc Itomidity
Level

Penetration 
Depth (Him)

ItoSatiłMi
Speed (rpm)

Penetration
Bate (itim/miB)

ÅRS sample ÖTF JO 6ÖÜ M

Festra de Aaęa Hmesmae* Dry 26 3m 20
Tnffeaw sandy Bronesføin#* Dry m ill) 2ft
Monks Park Limestone* Dry 711 M0 »
Sender sandstene Dry 26 <MM) 10
Balegem «Radkteiae*'* Dry 29 åm 10
Carrara Marble** Dry 26 1200 5
WtisimMltor sands tone** Dry 7 1200 5
* Soft mmm ** Hard tones

Table 2: Operative prescriptions for the round robin test.

Table 1 contains the mean values obtained from all 6 partners. It can be seen that there is a 
good correlation between drilling force and porosity as well as compressive strength. Balegem 
stone is a extremely heterogeneous material containing several holes so that the compressive 
strength value is not reliable. Also Carrara marble can not directly compared with the other 
stones because its structure is very specific.

Figure 2 shows a sandwich of slices of the selected stones which was drilled through to 
demonstrate the resolution of the MDRMS. In the lower part of figure 2 the obtained drill 
curve is depicted. The different drilling resistance of each lithotype can clearly be recognized. 
Unlike the results of table 2, in this case the drilling resistance of Carrara marble exceeds the 
limit of the load cell (100 N) because the chosen rotation speed of 600 rpm is an appropriate 
avarage rotation speed to resolve the drilling resistance of all stones, but does not correspond 
to the optimal drilling conditions set up for Carrara marble which should be drilled with 1200 
rpm (see table 2).

In figure 3 a correlation of the drilling force Carrara marble and compressive strength is 
shown. Thermal treatment up to 180 °C does not cause a detectable alteration of the structure. 
Fresh Carrara marble samples as well as heated ones plot in the same region of 35 N and 60 
MPa. Consoldation with ethylsilicat seems to enhance the drilling force, however, has no 
measurable effect on the compressive strength. Heating up to 500 - 700 °C, however, has a 
significant effect on the structure of marble. Both drilling force as well as compressive 
strength decrease down by roughly the half.

Drilling resistance of treated stones
Figure 4 shows the results obtained on non-treated and treated lithotypes which were 
consolidated with Funcosil OH. It was found that the drilling resistance curve of the treated 
lithotypes plots above the curve for the untreated samples. In order to determine the depth of 
penetration, the drilling resistance curves of the lithotypes before and after consolidation were 
subtracted. The point where the difference curve intersects the zero-line can be identified as 
the penetration depth of the consolidant. It must be mentioned that interpretation renders 
much more difficult when abrasive stones are measured.

Determination of Micro-Drilling Hardness of Marble and Sandstones 15



Figure 2: Drilling resistance of a sandwich of the selected lithotypes. MPL: Monks Park 
limestone, TUF: Tuffeau, PA: Pedra de Anca, ARS: atrificial ceramic, CM: Carrara marble, 
Sa: Sander sandstone, WUE: Wuestenzeller sandstone.

16 Euromarble



untreated

Compressive Strength (MPa)
Figure 3: Correlation between drilling force and compressive strength of Carrara marble 
without and with thermal treatment.

As an example for an abrasive lithotype, the drilling resistance curves of non-treated and 
consolidated Sander sandstone are shown (see figure 5). Consolidation was carried out with 
Funcosil OH, letting the liquid penetrate by capillary rise until the front of the liquid had 
reached 1 cm. A series of 10 drill holes was drilled into the non-treated sample with the same 
drillbit, another series of 10 drill holes was then drilled with another drillbit into the treated 
sample. It can be seen that the drilling resistance increases from ca. 15 N for the 1th drill hole 
up to ca. 40 N for the 10th drill hole. The systematic virtual increase of the drilling resistance 
is clearly caused by the wear of the drilltip and not by stone inhomogenities. On the other 
hand, the consolidated zone can be better recognized when the drilltip is less sharp. The 
buckle of the treated curve is much more pronounced in the 10th curve than in the 1th curve. 
This result indicates that for specific purposes a worse drillbit with low sharpness can be more 
appropriate.

Elimination of the drilltip abrasion
The abrasion of the drilltip exhibits a serious problem when drilling curves have to be 
compared. The abrasion causes a virtual increase of the drilling resistance of a stone; the 
evaluation of the state of deterioration or the effectiveness of consolidation renders almost 
impossible. The problem can not be solved by using a new drillbit for each hole because the 
sharpness of every new drillbit varies to such an extent that in most cases completely different 
drilling forces are obtained. However, drilling curves can be mathematically corrected by a 
simple procedure the result of which is shown in figure 6.

Determination of Micro-Drilling Hardness of Marble and Sandstones 17



A n ca
untreated
treated

Drilling depth (mm)

Tuff eau

untreated

Difference

Drilling depth (mm)

Monks Park

Sf untreated 
v treated

Difference

Drilling depth (mm)

Figure 4: Three examples of drilling resistance of non-treated and consolidated (Funcosil OH) 
lithotypes. Penetration depth can be identified by the intersection of the difference curve with 
the zero-line.
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Figure 5: Drilling resistance curves of non-treated and consolidated (Funcosil OH) Sander 
sandstone. For further explanations see text.
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Monastery Birkenfeld, NT, holes 1-8,1. drillbit

drilling depth (mm)

Monastery Birkenfeld, NT, holes 9-18,2. drillbit

drilling depth (mm)

-----k.i.i
---------- kal» 2

halt?

----------Kel»4

---- K.US
- knl»4

---------- hal» 7

------------halt $

Figure 6a: Example for eliminating the abrasion of the drilltip. Drilling curves were measured 
on a masonry stone of Monastery Birkenfeld, Bavaria. Uncorrected curves. The corrected 
curves are shown in figure 6b. For further explanation see text.

Figure 6 a shows the originally obtained, uncorrected curves. In both diagrams, a series of 8 
drilling curves is plotted which were drilled with one drillbit. The virtual increase of the 
drilling resistance can clearly be recognized. Some of the drilling curves intersect contour 
scales and their underlying hollow zones. Due to the abrasion of the drilltip, the drilling force 
roughly increases from 15 to 85 N.

The correction of the curves is simply based on the consideration that the abrasion of the 
drilltip is linearily depending on the drilling depth. In this case a correction factor can be 
obtained by dividing the increase of the drilling force by the total length of all holes drilled.
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Monastery Birkenfeld, NT, holes 1-8, corrected

-hel»1 

-kel» 2 

hel» 3 

-hel» 4 

-hel» 5 

-hel» 4 

-hel» 7 

- hel» 4

Figure 6b: Example for eliminating the abrasion of the drilltip. Drilling curves were measured 
on a masonry stone of Monastery Birkenfeld, Bavaria. Corrected curves. The uncorrected 
curves are shown in figure 6a. For further explanation see text.

Using the formula

DF(N)i,c =

DF (N)i c: 
DF (N)iiUC: 
DF (N)y. 
DF (N)x : 
d (mm):
Xj (mm) :

DF (N)j,uc - [ DF (N)y - DF (N)x / d (mm)] Xj (mm)

Drilling force at point i, corrected, measured in N
Drilling force at point i, uncorrected, measured in N
Drilling force at point y, end of the last drill hole, measured in N
Drilling force at point x, beginning of first drill hole, measured in N
Drilling distance of all drilled holes, measured in mm
Drilling distance at point i, measured in mm
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a corrected drilling force value is calculated for each point in each drilling curve. The result of 
the correction procedure which the help of which the abrasion can be eliminted is shown in 
figure 6b. It is obvious that all curves plot in a norrow range of ca. 20 N which characterises 
the drilling resistance of the stone related to the drillbit used.

Conclusion
It could be proved that MDRMS is good tool to determine deterioration and consolidation of 
natural stones of different composition and mechanical properties. The device can be used in 
the laboratory as well as on scaffoldings. An effect of inhibited drill dust transport within the 
drill hole was not observed. This conclusion, however, does not relate to wet stones whose 
drill dust can block the drillbit. The critical point of the drilltip abrasion can be eliminated by 
correcting the curves with the help of a mathematical formula. Further systematic 
investigations have to be done in order to establish drilling resistance as a material constant 
comparable to compressive strength. This aim can only be reached if drillbits of equal quality 
are available.

Ackno wledgement:
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EPOXY RESIN FOR MENDING AND RECONSTRUCTION OF

WHITE MARBLE

Daniel Kwiatkowski, STENKONSERVATORN Reinhold Bygg Stockholm AB 
Storängskroken 2,115 42 STOCKHOLM, SWEDEN.

Abstract
A special kind of chemically pure HXTAL Epoxy Adhesive was used for mending white 
marble sculptures. Because it is colourless and translucent this adhesive is a perfect binder for 
imitatiing crystallic stones. It is also known to have the best optical stability and to be 
resistent against light ageing. Observations of the condition of the restored objects, taken two, 
three years after outdoor exposure, are referred.

Introduction
Fine white marbles of Greek and Italian origin have, through the centuries, 
been used as a material for art. It is because of its crystalline, slightly 
translucent structure, which gives sculptures and ornaments made of 
polished stones a special, unique character.

Repair and reconstruction of sculptures
Stone restorers have been looking for an adhesive, which could help to 
prepare the mending mortar, which cured, would imitate natural 
metamorphic marbles, especially with a polished or half-polished surface.
It is not easy to achieve satisfactory results - marble imitations need certain 
translucency and "depth" of an artificial material, so only the binder which 
itself has a transparent structure can be used. Mineral binders, very useful 
for mending sedimentary sandstones or limestones, do not work on 
imitation of crystalline stones, for simple aesthetic reasons. Lime or white 
cement itself are not transparent.

In contrast to mineral binders there are some organic binders which can be 
used for marble imitations. In the past one has used natural waxes and 
natural resins to mix this kind of mortars. Natural organic binders did not 
work with objects exposed outdoors, because of a low melting point or the 
presence of side products. Because of this, the repaired surface was too soft.
It accumulated dirt and dust, and often changed colour after exposure to UV 
radiation.
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In modern times, from the beginning of the fifties, conservators has had the 
possibility to choose between different artificial organic resins, like epoxies. 
The use of epoxy resins for mending, popular in the sixties and seventies, 
has had a bad reputation in stone conservation. Cured epoxy resins are 
known to be highly resistant to chemicals and solvents. However, during 
that period all epoxies had very low light stability. Around thirty five years 
ago conservators could only choose between different sorts of epoxy 
manufactured for industrial purposes. Because of that it was impossible to 
find a completely colourless resin, and also, which is more important, one 
which did not change colour with time. Because of epoxies low UV stability, 
repaires on the sculptures exposed to day light turned yellow, orange-brown 
or very dark in colour. This could occur even after a very short time after 
conservation.

The properties of adhesive
In the beginning of the eighties a new kind of epoxy adhesive was invented, 
specially for conservation purpuses - HXTAL NYL-1.
This epoxy adhesive is an exeptionally colourless, glass-like product, which 
is very important when imitating colourless, white or very bright materials. 
But what is most important - HXTAL is an epoxy resin that does not change 
colour when exposed to light radiation. Results of laboratory alteration tests 
show, that it appeares to be the best epoxy adhesive, when the effects of light 
and thermal ageing are considered together.

The cured adhesive is light stable due to its ultra purity. The reason for 
colour changes in earlier industrial products was its very low chemical 
purity. In HXTAL traces of metal ions, which are responsible for colour 
changes in industrial epoxies, are removed during the manufacturing and 
purification process. Also organic additives and side-products causing 
yellowing of the cured resin are not present in this adhesive.

As with all epoxies, HXTAL is a two component resin. Pure adhesive has a 
very thin, liquid consistency. It sets slowly. At room temperature it requires 
about a week to achieve 90% of the ultimate bonding strength. However, it 
sets sufficiently after one day to hold two stoneparts together. At this time, 
the resin is tough, but removable.

24 Euromarble



It is possible to preheat mixed epoxy in a temperature of 40-50°C for 15 to 20 
minutes before use to reduce the curing time to a practical minimum and to 
get a higher viscosity of the mixture. The unused mixture can be kept for 
four to five days in the freezer.

HXTAL adheres strongly to different materials as metals, wood, glass and 
marble. The primary use for this epoxy is in mending glass and china. It has 
also been found to make an excellent coating resin for imitating china glaze. 
For stone restorers the most interesting use of HXTAL is as a binder for 
artificial white stones.

Conservation work
This paper describes repair and reconstruction of white marble sculptures 
and architectural details with the help of HXTAL adhesive.
Referred examples are outdoor objects.

The colonnettes from the pergola in The Palace of Solliden were badly 
decayed because of corrosion of iron dowels. Some stoneparts were missing. 
Some fragments were repaired with mineral mortar.
Two benches from the palace garden had their back parts broken in many 
pieces. Some stone material was missing, mostly in the form of small 
surface damages.

All conservation treatments of disassembled stone works took place in the 
workshop. The resin, after mixing with hardener, was initially heated to a

temperature of 50°C in fifteen minutes to reduce the long curing time and 
to get a thicker liquid. It was possible to mix a big portion at once to get a 
ready to use resin. The mixture was used, a little at a time, for mending. The 
unused mixture was kept for some days in the freezer.

For mortar preparation a fine marble powder was added as a filler and 
kolloid silica was added as a tixotropic agent. The second compound was 
absolutely necessary to achieve a non-fluent mixture. Reconstruction of 
bigger parts of stone was made with the help of casting directly on the 
colonnette, after using plastelinę in the parts where fragments were missing 
and a negative form in silicon gum could be taken. The surface of the 
repared part was finished with abrasive tools.
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The sculpture of the legendary hero Loke fighting with snakes is placed in a 
cave built in the garden of Stockholms Town Hall. The sculpture group had 
been devastated and the heads of snakes were missing.
Casting of the snake heads were made in silicon forms taken from prepared 
models. To fill up the forms a liquid mixture of adhesive and marble 
powder was needed, so only a very small amount of tixotropic agent was 
added. The surface of ready copies was finished with abrasive tools. The 
heads were mounted in place with the help of a mixture used for mending.

After conservation work the colonnettes were again installed in the pergola, 
under its little roof. The marble benches were placed in front of the palace, 
not protected from the rain. The snake heads were set up and completed the 
sculpture in the cave with its fountain.

Optical stability of mending and reconstructions
On examining the objects from The Palace of Solliden after to years one can 
conclude that the optical stability of repairs and reconstructions is good. The 
artificial marble surface did not yellow or darken in colour. However, some 
optical changes in some small repairs were observed on the benches. The 
benches, placed in an open place in the park, often get wet from rain and 
snow. Natural marble is quite porous and one can observe that water, as 
well as wetting the surface, also penetrates into the material. As the stones 
become wet from rain and snow water, some small and flat repairs altered. 
The structure of those repairs lost part of their original translucency and 
became more white and "blind".

The other example, the casted parts made for reconstruction of the Loke 
sculpture in Stockholm, which was relatively big in volume. The heads did 
in no way change their original optical properties, even when exposed to 
drastically wet conditions - in the fountain, with running water wetting the 
stone surface during nine months each year.
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Conclusions:
The stability of artificial marble, using HXTAL as binder, depends on the 
presence of atmospheric water in the environment of the monuments. If a 
repaired monument is placed outdoors, in a relatively dry atmosphere, 
when the stone is adequately protected against water, the repairs do not 
change appearance or optical properties.

It was concluded that water influence on optical properties of artificial 
marble depends on the volume of mending. When the stone is exposed to a 
very wet environment only very small and thin repairs undergo alteration.

This means that the ultimate quality of hardened resin in small repairs is 
probably worst than in bigger ones. The activity of curing depends on the 
volume of the two component resins. The setting process can be easier 
inhibited and - as result of inhibition - not fully finished in the small 
repairs on the surface of stone. There the net structure of resin is weaker and 
can be easier degradated with alteration factors, for example water. As result 
of alteration the structure of artificial marble can partially loose original 
translucency, become "blind".

Apart from this one can conclude that application of HEXTAL epoxy for 
mending white marble gave satisfactory results when restored objects are 
not exposed directly to water, rain or snow.
The resin is an excellent binder, giving a high quality imitation of white 
marble. Repairs are light resistant and do not change in a relatively dry 
environment.
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Abstract

Swedish Ekeberg, Italian Carrara, and Greek Pentelic marbles have been studied 
using four point bending in both air and water environments at different loading rates. It 
has been shown that a water environment surrounding the tested marble bars led to 
decreases in apparent fracture toughness. Also, the apparent fracture toughness decreases 
with decreasing loading rate. The existence of a large process zone full of microcracks 
and crack branching, starting from a precut notch, is thought to reduce the fracture 
toughness value. The laboratory results give evidence of environmentally assisted slow 
crack growth along the grain boundaries.

Environmentally assisted slow crack growth occurs so slowly that the crack tip can 
choose its path through the weak points through the material. With the addition of an 
aggressive environment, applied or residual stresses drive the crack propagation. It is 
known that weathered calcitic marble cracks along the grain boundaries due to long term 
exposure. Thus, it is most likely that the grain boundaries are the weak points of marble.

1. Introduction
This article presents the latest findings of the Swedish group involved in the EU 

funded HERMES project which investigates the deterioration of marble due to many 
natural causes. In particular, the Swedish group considers the mechanical aspects of 
crack growth focusing especially on the stress intensity surrounding the crack tip. Recent 
laboratory research has been concentrated on creating crack growth in the laboratory to 
determine if this relates to the real situation with weathering. Figure 1 shows Carrara 
marble after about 140 years of weathering exposure to the elements. The picture shows 
intercrystalline fracture, which is a common effect of marble due to weathering. The 
sample is from a toe that broke off 1 of 17 statues mounted on the facade of the National 
Museum in Stockholm. The facade underwent extensive restoring during 1995-96. One 
of the statues, the architect Tessin, was in such bad condition that a 1:1 replacement was 
commissioned to be carved and was just recently finished and mounted on the facade.

The HERMES group investigates Italian Carrara, Greek Pentelic, and Swedish 
Ekeberg marble. The Stockholm group has four main responsibilities. The first is to 
characterize the marbles in terms of mechanical properties and chemical composition. 
The second is to investigate crack growth from the influence of mechanical stresses and 
thermal stresses. In addition to these results and the information obtained from analysis 
from a field exposure, a mathematical model using order-of-magnitude estimates that will 
describe the deterioration of marble will be created. Finally, as a conclusion to the
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project, recommendations will be made for conservation and protection of marble based 
on the obtained results.

Figure 1. A SEM photomicrograph of grain boundary cracks in aged Carrara marble 
(80x).

The first task is complete and some of the results will be presented in the Marble 
Properties section. In addition, this paper will describe the current research, results, and 
primary conclusions of slow crack growth in marble. In particular, results show evidence 
of environmentally assisted slow crack growth that may be a large factor of marble 
deterioration.

2. Marble Properties
The major difference among these three marbles is that both Pentelic and Carrara are 

calcitic while Ekeberg is a dolomitic marble. The Swedish marble contains magnesium 
that probably affects the mechanical and chemical properties of the marble. A simple 
comparison of the three was shown when the marbles were etched. Using a 2% Nital 
solution, Pentelic and Carrara etched quickly in about 10 seconds. Ekeberg required 
about 5 hours to obtain the same visible etching effect. After etching, another difference 
was that the calcitic marbles appear to show a higher twinning density. In addition, 
Pentelic has a visible second phase, quartz, randomly distributed throughout the calcitic 
grains.

Figure 2 shows the Vickers microhardness of the three marbles. Again, Ekeberg is 
substantially different than the calcitic marbles. The Ekeberg hardness, measured at 
100g, was 2.85 GPa compared to Carrara and Pentelic at 1.19 GPa and 1.05 GPa 
respectively. Figure 3 shows the average grain size of 30 samples. The average grain 
sizes range from 100 to 200pm, Pentelic having the smallest and Ekeberg the largest.
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Figure 2. The Vickers microhardness of the three marbles. The variances show the 95% 
confidence level.
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Figure 3. The average grain size of the three marbles. The variances show the 95% 
confidence level.
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3. Slow Crack Growth
Slow crack growth is a phenomenon that occurs in most materials, having different 

names such as crazing in polymers or stress corrosion cracking in metals, but the basic 
mechanism is similar. The combination of a stress and an aggressive environment leads 
to deterioration of the material at lower stresses than its fracture stress. The effect is an 
environmentally assisted failure of the material. In brittle materials, such as glass, 
ceramics, and minerals, the bonds at the tip of a crack are highly stressed. The distortion 
in these bonds is thought to cause them to be more chemically active and these bonds 
break preferentially. Environmentally assisted slow crack growth occurs so slowly that 
the crack tip can choose its path through the weak points of the material.

The aggressive environment can be acid residue from rainfall, a product from a 
gypsum reaction, or even water. The stresses can either be externally applied or residual. 
Thermal stresses are caused by the varying orientations of the grains of the 
polycrystalline material and daily fluctuating temperatures. Ice crystals stuck in the crack 
can exert a tensile stress on the crack tip opening. Windblown debris against the side of a 
monument can create an impression and result in residual stress in the grains.

4. Sample Preparation and Testing Procedure
Four-point bending was chosen to study the marble crack growth because of the 

advantage that only compressive loads are applied which simplifies sample preparation 
and the testing apparatus. However, despite an applied compression, both compression 
and tension arise in the sample due to the bending moment between the testing 
application points on opposite sides of the beam. Since cracks propagate from tensile 
stresses, it is simple to predict where the crack will grow in a given specimen. In 
addition, a notch (see below) was cut into the specimen to concentrate the stress to 
initiate the crack growth through the bar.

The Single Edge Notched Beams (SENB), as shown in Figure 4, were prepared as 
follows. The as-delivered 50x50xYmm marble pieces were mounted with beeswax onto 
a steel plate. Y was 6, 8, or 10mm respectively for Ekeberg, Carrara, or Pentelic. The 
pieces were cut into approximately 50xl0xYmm beams with a diamond edged saw blade 
and then removed by melting the wax and remounted individually onto a base for the 
wire saw. Notches were then cut into each piece using a wire saw (with a 0.127mm wire) 
and a 3 parts silicon carbide:5 parts glycerine: 1 part water slurry. The approximate 2mm 
deep notches were cut halfway along and perpendicular to the length of the piece. After 
cutting the notches, the samples were removed from the base using a warm plate that 
melted the wax. Beeswax melts between 62-65°C and the warm plate was never heated 
higher than 100°C. A paper towel wiped off the excess wax before the sample was 
thoroughly rinsed under running water to remove any remaining cutting slurry. In 
necessary cases, thread was also used to help remove the dried slurry from the notch. 
Afterwards, the samples were placed in alcohol to dissolve any extra wax and again 
wiped with a paper towel [1].

Mechanical and Environmental Crack Propagation in Marble 31



Figure 4. A schematic drawing of the SENB.

The four-point bend testing was performed using an 8561 Instron Materials Testing 
machine with 8500 plus software and a simple LabView program recorded the load and 
position at a given time. The data points sent out from the Instron machine vary in 
voltage between 0-10V which are convertible to load and displacement values with scale 
factors. The data points were collected with a compilation time to about every 500ms.

Ten samples of each marble were tested at the loading rates 10 '-lO^mm/min in air 
and at 10"2-10"3mm/min in water. Each sample was measured after the test so that the 
distances ascertained were always around the crack path. The notch crack lengths were 
measured using an Olympus PMG3 optical microscope. These distances were used in 
calculating the corresponding apparent fracture toughness of the marble, with the 
following equation derived from elastic analysis [2],

K,c =
’(3 Pd) '/2

(.bw2)
a 1.99-2.47(—) + 12.97(—)2 -23.17(—)3 +24.80(—)4 

w w w w

where P is the fracture load, [N]
d is the distance between loading points, [m] 
b is the beam thickness, [m] 
a is the depth of starting notch, [m] 
w is the beam height, [m].

5. Results and Discussion
Figures 5-6 show the apparent fracture toughness for the various loading rates and the 

two environments. It is evident that the apparent fracture toughness decreases with 
decreasing loading rate. The influence of water also decreases this Kic value for the 
marbles. Each point represents the average of 10 samples and the error bars show the 
95% confidence level. There are two points that do not follow decreasing trend of 
apparent fracture toughness for decreasing stressing rate. Both of the points are Ekeberg 
marble: the 10 2 mm/min point in air and the 10"J mm/min point in water. These two 
points also have the two largest confidence level spreads of all of the data. It is 
interesting to note that Ekeberg also had the largest spread in hardness values. Again, the 
magnesium content probably causes these fluctuations.

Since fracture toughness is a material constant and gives a measure of how easily a 
material can initiate and propagate crack growth, it is measured in fast fracture (not in 
slow crack growth situations). Hence, the slower loading rates are not true fracture 
toughness measurements. The reduction in apparent fracture toughness is most likely due 
to the fact that subcritical crack growth occurred during loading. In all cases, the initial 
notch was considered as the critical notch length, which is standard practice for fracture
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toughness testing. It is very difficult to measure the actual crack length in these cases 
because of three reasons. The first is that it is unknown when the sample will break and 
what the actual crack length is at that point. This is due to the natural defects in the 
marble and that the maximum load is difficult to predict. The second is that the crack 
that propagates from the notch is not straight but meanders through the material making

Air

Ekeberg

Pentelic

Carrara

Stressing Rate (mm/min)

Figure 5. The apparent fracture toughness of the marble in air versus the decreasing 
loading rates.

Water
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Figure 6. The apparent fracture toughness of the marble in water versus the decreasing 
loading rates.
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accurate measurement difficult. Thirdly, the crack that propagates is not actually one 
crack, but one main crack with branching subsidiary cracks as shown in Figure 7. These 
cracks fill a large area in front of the pre-cut notch, which is called the process zone. The 
actual size of the process zone is difficult to measure, but the shape is rounded with the 
widest part about halfway through the bar. Sometimes the size and shape is easily visible 
after the water tests because the part of the beam with the microcracks takes longer to dry 
after the sample has been removed from water.

Figure 7. Intercrystalline crack growth and crack branching from the notch tip (on the 
right). The arrows demark the crack branching into subsidiary cracks.

It is also important to mention that Figure 7 shows mostly intercrystalline crack 
growth even though this Carrara sample was tested at 10 ’mm/min in air. At first glance, 
this picture looks similar to Figure 1 with the intercrystalline crack growth. The total test 
time, however, was about 20 seconds, which is dramatically shorter than 140 years! This 
result gives evidence for an environmental effect of marble crack growth in that the 
natural damage situation can be simulated in the laboratory. A major difference of the 
two examples is the stress level that caused them. The stress in the natural weathering 
case is much lower than in the laboratory. Due to this fact, the two damaging 
mechanisms could be entirely different, but if not, the main difference is in the amount of 
time needed to produce intercrystalline fracture. If this is the case, this four-point 
bending laboratory experiment may be an excellent method to investigate 
environmentally assisted slow crack growth in marble.

Figure 8 shows comparison load vs. time curves between soda-lime glass and Carrara 
marble. The glass curve shows the typical result of a brittle material: an increase in load 
until a catastrophic failure at a maximum load. The marble curve deviates from the 
constant increase in load and levels off to a sustained maximum load before decreasing. 
The decrease in load is controlled failure taking about 100 seconds instead of the 
instantaneous reduction as in glass. The growth of the microcracks within the process 
zone decreases the load. This is also a measure of a decrease of material stiffness. This 
curve for Carrara is fairly typical of all three types of marble in that the maximum of the 
curve is sustained for some time before the load reduction occurs. Research is currently 
investigating the timing of the origin of the growth of the microcracks. It is known, 
however, that the decrease in load corresponds to crack growth.
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Another observation worthy of note is that the maximum load decreases for 
decreasing stressing rates and with the addition of water as an environment. This 
corresponding reduction in strength and loading rate is typical of brittle material 
susceptible to environmentally assisted slow crack growth.

Load vs. Time

Soda-lime

Carrara marble

Time(sec)

Figure 8. Comparison load vs. time curves for soda-lime glass and Carrara marble. Both 
tests were performed at a stressing rate of 10"3 mm/min in water.

6. Conclusions
The findings of the current research from the Stockholm group are that marble 

displays behavior suggesting that it is susceptible to environmentally assisted slow crack 
growth. The apparent fracture toughness decreases with decreasing loading rate and with 
the addition of water as the surrounding environment. The maximum applicable load of 
the marble also decreases due to these factors. A large process zone, originating at the 
pre-cut notch, contains microcracks that branch out from the primary crack and reduce 
the internal stresses of the marble. It is possible to simulate the appearance of naturally 
weathered marble with a short four-point bending test in the laboratory.
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Abstract

In the present contribution, we report, in the frame of Eureka-Euromarble Eu 
496 project, the results obtained applying the non-destructive sampling procedure 
using adhesive tape in two different situations: a marble bas-relief in the Victory 
Gate, in Munich after the recent intervention of restoration and consolidation, and 
marble items exposed in the Euromarble exposure site in Munich.
In both cases, samplings were carried out in correspondence of black spots and/or 
marble discoloration.
Results obtained showed that this technique is very easy to apply and useful because 
it is possible not only to observe the presence of fungi or algae on the marbles 
surface, if they occur, but also their morphological aspect and relationships with 
substratum colonised.

Key words: non-destructive sampling - marble - colonisation.

36 Euromarble



Introduction

The use of non-destructive methods to monitor microbial colonisation before 

and/or after conservative treatments of monuments and/or of artistic objects is 

often required.

Several (non-destructive) methods have been proposed for the direct or indirect 

evidentiation of microbial colonisation (e.g. agar fingerprinting, measurement of 

microbial activity, detection of bacteria by fluorescent antibodies, needle procedure) 

(Eckhardt, 1978; May and Lewis, 1988; Hirsh et al., 1995; Wollenzien et al„ 1995). 

However they do not give any information about the relationships between 

microorganisms and the surface itself. Sterflinger and Krumbein (1995) proposed a 

replica method to check the biological colonisation of the rock surface through SEM 

observations; this technique despite the possibility of wide applications does not allow 

the cultivation of microflora present and thus does not solve problems related to the 

species involved.

The use of adhesive tape is widely applied in clinical mycology for the direct 

observation of Dermatophytes from skin and their further isolation by inoculation of 

little pieces of stripes on suitable cultural media. Gargani (1968) used the scotch-tape 

technique for the mycological studies of frescoes after the flood of 1966 in Florence. 

In the last years we applied this method in order to demonstrate microbial colonisation 

of valuable surfaces without using destructive techniques.

Aim of this paper was the application of the adhesive (scotch) tape sampling technique 

as a reliable, non-destructive and easy method to be used on stone surfaces to monitor 

microbial colonisation.

For this purpose, two different situations were analysed in the frame of the Eureka- 

Euromarble Eu 496 project:
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1. Victory Gate marble bas-relief after the recent (1997) intervention of 

restoration and consolidation and,

2. marble blocks exposed in the Euromarble exposure site in Munich since 1991.

Materials and Methods

Samplings with adhesive tape stripes (Fungi tape DID, Milan, Italy) were carried out 

from:

a) the surface of one of marble bas-relief representing a battle with warriors and 

horses from the Victory Gate in correspondence of black spots and intercrystalline 

discoloration;

b) Pentelic, Carrara, Ekeberg, Laas marble items located in the terrace of the 

Institute of Geology; for each item, samples were taken from the top surface as well 

as from the folder; associated to the tape technique, needle sampling was also carried 

out;

c) Carrara marble cube. Sampling was carried out in duplicate from each surface (Top, 

West, East, South, North).

After sampling, scotch tapes, have been placed on sterile microscope glasses and kept 

in a box until the arrival in laboratory. There, adhesive tape stripes were cut in small 

pieces and sorted for the direct observation under light microscopy (DMLB, Leica) and 

for the cultural analysis.

Microscopic observations were carried out without any specific preparation, using a 

drop of sterile water or a drop of Amman's lactophenol (Fassatiovå, 1986) between 

glass slide and tape and placing a cover glass on the top in order to keep the tape as 

flat as possible.
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To confirm the presence of the microorganisms observed under microscopy, cultural 

analysis were carried out inoculating small pieces of the stripes directly into liquid 

medium for algae (BGll) and solid medium (DRBC) for fungi, in duplicate. Media 

composition is reported in the Doc. Normal 9/88 (Commissione Normal, 1990).

Needle sampling was carried out using sterile needles in correspondence of visible 

alterations and transferring onto agar plates containing DRBC medium, in duplicate 

(Wollenzien et al., 1995).

Incubation was carried out at 28°C per one month.

Identification of fungi was mainly carried out on the basis of the macroscopic features 

of colonies and on the micromorphology of reproduction structures, according to 

Barnett and Hunter (1972), Fassatiovå (1986), de Hoog and McGinnis (1987) and Ellis 

(1971,1976).

Results

Victory Gate:

No evident colonisation was observed in correspondence of the sampling areas, except 

in the case of the sample taken in correspondence of black spots (VA 1). The direct 

observations showed the presence of brown-black clusters of cells. Further cultural 

analysis demonstrated the presence of the genus of Cladosporium sp., a dematiaceous 

Hyphomycetes (Fig. 1). This genus was also isolated from the sample VA 2. The others 

two samples exhibit the occasional finding of the genus Phoma sp. (Sphaeropsidales) 

and of Mucor sp. (Zygomycetes) (Fig. 1). Algae were absent in all samples.

Thus we could conclude that in the case of the marble bas-relief of the Victory Gate, 

no intercrystalline growth occurred; however, in more protected areas, like the 

background an initial colonisation was evidenced.
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Euromarble exposure site:

a) Marble items

After 6 years of exposition all marble exposed were colonised by fungi and in some 

cases by fungi and algae (Table 2).

Direct examination of scotch stripes under light microscopy showed that fungal 

colonisation occurred at different growth stages: as single spores (Fig. 4), germinative, 

explorative structures (Fig. 2) and mostly as dark clusters (Fig. 5). A strict connection 

between clusters and marble flakes was observed in most of the samples. The algae 

were evidenced under microscopy only in samples taken in the folders (protected 

areas) (Fig. 3).

Cultural analysis showed that the fungal colonisators found in the different type of 

marble items were quite similar. Fungi belonged mostly to dematiaceous genera such as 

Cladosporium, Alternaria and black meristematic growing fungi (mostly Coniosporium- 

like and in some cases Phaeoteca-like strains). Fusarium strains were also isolated in 

most of the samples with exception of Pentelic marble item. Their characteristic was 

to produce and release, in the surrounding media, red to brown pigments. Green algae, 

when isolated, were attributed to the Chlorella-like type.

The use of needle sampling allowed the isolation of a minor variety of fungal species. 

Fungi were mostly black meristematic growing fungi as Coniosporium-like strains. Only 

in the Pentelic marble were also isolated A. alternata and Cladosporium sp.

In contrast Fusarium sp. was never isolated.

b) Carrara marble cube:

It was evident in all samples, under direct microscopic observations, that aggregates 

of black meristematic fungi were closely associated to the cal cite crystals.
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Colonisation was due to the same species found in the other marble items. A. alternata, 

Cladosporium sp., Fusarium sp. and black fungi Coniosporium -like, were found in almost 

all surface. Green algae were observed only in the West and Northeast oriented 

surfaces, but it was impossible to grow them.

Discussions

Results obtained demonstrated that the sampling method using adhesive tape stripes 

offers the possibility to gain valuable informations on the microbial colonisation of 

stone surfaces without using destructive technique. In fact, was easy to detected the 

presence of fungi and/or algae, when they occurred, and thus to associate a specific 

alteration with the fungal or algal colonisation. In addition, their morphological aspect 

and their relationships to the substratum were evidenced.

A good correspondence between microscopic observations and cultural analysis was 

noticed. Cultural analysis allowed for the isolation and identification of microorganisms, 

including slow growing meristematic black fungi and they were partially comparable 

with the quantitative analyses carried out on the same Carrara block by Sterflinger 

(1999).

The limit of the method, beside the fact that gives qualitative informations on the 

microorganisms present, is the underestimation of bacterial flora. In fact, no bacteria 

were seen under light microscopy. This can be explained by the fact, that to evidence 

bacteria, under light microscope they should be at least in the order of 106 (Madigan 

et a!., 1999), and this situation is not easy to establish in outdoor exposed objects.
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Conclusions

The scotch tape technique is useful for the fast monitoring of surface colonisation. 

Its application as non-destructive sampling method, could offer the following vantages:

• can be used for monitoring microbial colonisation during the time;

• it shows the existing relationships between surface and colonising microorganisms 

(stage of growth), diffusion, correspondence with a peculiar alteration;

• can evidence relationships between different microorganisms (prevailing microflora, 

interactions and connections etc.);

• allows the identification of microorganisms by cultural analysis.
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Table 1 - Observation under light microscopy and results obtained after cultural analysis of adhesive 
tape stripes. Marble items exposed in Munich in the frame of Euromarble EU496 project.

Sample Observation at L. M. Fungi isolated by 
scotch sampling

Fungi isolated by 
needle sampling

Algae

MÜ5PF Big filamentous structure, 
presumably of organic 
nature, in which black 
clusters are located.

Cladosporium sp. 
Penicillium sp.
White mould n. i.

n. d. ++

MU6PT Cluster of meristematic 
growing fungi; one isolated 
macroconidia (probably
Alternaria)

Cladosporium sp. 
Alternaria alternata

Cladosporium sp. 
Alternaria 
alternata 

Coniosporium-like

-

Mii 7 CF terminating conidia and 
black clusters strictly 
connected with marble 
crystals.

Cladosporium sp. 
Fusarium sp.
Yeast

n. d. -

Mii 8 CT Close connection between 
crystals and fungal clusters

Alternaria sp. 
Fusarium sp. 
Aspergillus sp.

Coniosporium-1 i ke
-

Mii 9 EF Evident presence of black 
meristematic growing fungi 
in clusters closely
connected with marble 
crystals and sometimes in 
association with green 
algae.

Phaeotheca -like 
Cladosporium sp. 
Alternaria sp.

n. d.

Mii 10 ET Close connection between 
crystals and fungal clusters

Coniosporium-like 
Penicillium sp.
Yeast
Fusarium sp.

Coniosporium-like
-

Mii 11 LF Close connection between 
crystals and fungal clusters

Cladosporium sp. 
Alternaria alter nata 
Black Yeast
Fusarium sp.

n. d. -

Mii 12 LT Close connection between 
crystals and clusters

Penicillium sp. 
Coniosporium- like 
Fusarium sp.

Penicillium sp. 
Coniosporium-like -

P: Pentelic marble; C: Carrara marble; E: Ekeberg marble; L: Laos marble; F: Folder; T: Top; ++: 
presence; -: absence; n.d: not determined; n.i. not identified.
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Table 2 - Observation under light microscopy and results obtained after cultural 
analysis of adhesive tape stripes. Carrara marble cube exposed in Munich in the frame 
of Euromarble EU496 project.

Sample Observation at L. M. Fungi Algae
Cl Close connection between

crystals and clusters
Coniosporium-1 i ke 
Fusarium sp.

-

C 2 Close connection between
crystals and fungal clusters

Coniosporium-1 i ke 
Fusarium sp
Cladosporium sp.

-

C 3 Close connection between
crystals and fungal clusters

Coniosporium- li ke 
Fusarium sp
Cladosporium sp.

Cl E Clusters of cells with
explorative structures

Cladosporium sp. 
Alternaria sp.
Fusarium sp

Cl N No evident colonisation Meristematic Black
Fungi
Cladosporium sp.

Cl W Clusters of fungi often in 
connection with algae

Cladosporium sp. 
Alternaria sp.
Fusarium sp 
Coniosporium-1 i ke

Cl ST Fungal Clusters Alternaria sp.
Fusarium sp 
Coniosporium-1 i ke

Cl EN Fungal clusters in close
association with crystal often in 
connection with algae

Coniosporium-1 i ke 
Cladosporium sp. 
Alternaria sp.

C: Carrara marble block; E: East surface; N: North surface; W: West surface; 5: South- 
Top Corner; EN: East-North Corner; - : absence.
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Figures legend

Fig. 1. Fungal colonies grown in DRBC medium, after inoculation of scotch stripes 
taken from a marble bas-relief of Victory gate. Left top , clockwise: sample VAI 
showed a relevant presence of Cladosporium colonies; sample VA2, showed the 
occasional finding of the genus Phoma; sample VA4, also occasional finding of the genus 
Mucor; sample VA3, relevant presence of the same genus Cladosporium observed in 
sample VAI.

Fig. 2. Direct observation under L.M. of scotch stripe taken from the East facing 
surface of a Carrara cube. Fungal microconidium with germinative structures. 
Magnification 40x.

Fig. 3. Direct observation under L.M. of scotch stripe taken from the Ekeberg marble 
folder. Cluster of close associated fungal and algal cells. Magnification 40x.

Fig. 4. Direct observation under L.M. of scotch stripe taken from the Carrara marble 
folder. Multiseptate fungal conidium with germinative appendix. Magnification 40x.

Fig. 5. Direct observation under L.M. of scotch stripe taken from the Ekeberg marble 
top surface. Fungal cells clusters closely related to the marble chips. On the right top, 
are clearly visible the intimate connections between substrate and organisms: cell 
clusters, during germinative stage with hyphae piercing the marble.

46 Euromarble





Marble Biocorrosion by Thiobacillus thiooxidans

G.Del Signore0, F.Persia° and M.Monte*

(°)ENEA INN-ART Casaccia-Via Anguillarese, 301 - 00060 S.M.di Galeria (RM). 
tel.++39.06.30484661,4689 - fax ++39.06.30486302 
e-mail: persia@casaccia.enea.it. pina@matemagic.it 

(*)CNR - Via Monte d’Oro, 28 - 00186 Roma 
tel.++39.06.49919636 - fax ++39.06.6871462 

e-mail: monte@micanet.it

Abstract

This work shows the results of analysis carried out to evaluate the entity of damage caused, in 
vitro, by Thiobacillus thiooxidans on Carrara marble samples.
The main purpose of our work has been to evaluate if the porosity measurements could be a 
parameter able to evidenziate the alterative effects of microbial attack.
Tests have been done on Carrara marble samples, in liquid media, inoculated with a Thiobacillus 
thiooxidans strain; at regular intervals and for 18 months, weight loss and porosity measures have 
been carried out.
As consequence of microbial activity samples show an increasing of total porosity , a changing in 
pore size distribution and a loss of weight.

Introduction

Biodeterioration of stone materials is one of the main weathering causes in cultural heritage field. 
Generally biodegradative phenomena have been studied through the identification of genus 
(bacteria, fungi, lichens, algae) and the evaluation of qualitative damage.
On the contrary, few studies have been done about quantitative evaluation of damage due to 
biological attack.
Aim of our work has been to study alterative effects on marble by chemioautothrophic bacteria of 
Thiobacillus genus. These bacteria have been widely detected in alterative forms like decohesion, 
crusts and esfoliations (Normal 1/88), with values ranging around one million per gram, on several 
marble monuments in Rome (Barcellona Vero and Monte Sila, 1976; 1978). These bacteria are 
able to oxydize reduced sulphur compounds up to sulphate (Kuenen and al.,1992; Suzuki et 
al.,1992). For this reason they contribute to marble degradative phenomena known as 
sulphatation.
An active role in the sulphatation processes for these bacteria has been supposed together with the 
chemical reactions of atmospheric SO2 (Ferrari and al.,1997; Serra and Starace, 1978).
To detect the biodeterioration we used, as main parameter, the porosity measure assuming that an 
increasing in total porosity occurs because of the corrosive action of bacteria (Persia et al.,1999). 
During our experiment, a slowing down in the degradative phenomena has been observed. To 
explain this trend a modification of the interface sample/medium ratios, caused by crystal 
formation, has been supposed.
To verify this hypothesis, we studied the influence of surface crystal remotion and culture medium 
oxygenation.

Techniques and methods

Carrara marble samples from quarry with the following characteristics: size mm. 30x13x2, average 
weight g. 2,15 and total porosity 0,97 have been placed in vials containing 10 ml of culture liquid 
medium with Thiobacillus thiooxidans inoculum (Persia et al.,1999).
Thiobacillus thiooxidans, coming from American Type Culture Collection (ATCC strain n°19703) 
has been incubated in the following medium:
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culture medium composition:

nh4ci O.lg
kh2po4 3.0g
MgCl2.6H20 0,lg
CaCl2.2H20 0,1 g
Na2S203-5H20 5.0g
distilled water 1 1
pH 6.0

Culture medium has been sterilized at 1 atmosphere and 120°C for 15 minutes. Control tests have 
been done with samples in culture without Thiobacillus thiooxidans inoculum. Samples and 
controls have been incubated at 28°C (NORMAL 9/88, Persia et al.,1999). Every month cultural 
medium was renewed.
After one year morphological and chemical changes has been investigated through scanning 
electron microscopy equipped with microprobe (SEM EDS).
Porosity analysis have been carried out at regular intervals for 18 months. Double tests have been 
done by mercury intrusion with Pascal 240 e Pascal 140 instruments (Normal 4/80; Persia et

al.,1999).
After 16 months, some samples were cleaned using glass paper to remove crystals from their 
surfaces. Then the samples, cleaned and not, were incubated again in cultural medium with 
Thiobacillus thiooxidans for 2 more months.
Other samples were incubated in inoculated medium for two months in a gurgling bottle (Drechsel 
bottle) connected with an air pump.

Results

Total porosity has been measured every 6 months. Figure 1 shows that total porosity increases 
differently in the two samples series, with and without bacteria.
In 18 months, the porosity increment in the sample series undergone to bacterial attack has been 
AP = 7.2, while in the series without bacteria it has been AP = 2.5. Furthermore, in the first 6 
months, the porosity variation has an exponential trend that decreases till becoming almost stable, 
in the following 12 months.
Figure 2 represents the pore size distribution measured till 18 months culture. In the pore 
distribution there is a progressive increment of pores diameter; micro-pores disappear while 
macro- and mega-pores increase.
After 16 months incubation, some samples have been incubated for two more months in 
oxygenated medium. In these samples an increasing of mega-pores, with an increment similar to 
that verified in 6 months (from the 12th to the 18th) in no oxygenated samples, has been detected. 
Total porosity, as shown in figure 3, has been measured also in samples in which the surface was 
cleaned to eliminate crystals accumulated in 18 months incubation. Because of crystals removing 
the microbial attack starts again as pointed out from the porosity increment detected in 2 months 
(AP=2).
Figure 4 shows the loss of weight detected in the two samples series, with and without bacteria, 
compared with the initial weight of the samples. Comparing samples it’s evident that the loss of 
weight is higher in the samples submitted to a biological attack.
Figure 5 shows samples that, after 16 months of bacterial culture, underwent to oxygenation. In 
this case the weight loss increment is much higher than that detected after 18 months in standard 
culture.
Analysis to SEM pointed out morphological changes on the superficial layer of marble samples 
after one year incubation. A wide presence of crystals has been noticed on Thiobacillus cultured 
samples (photo 1)
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Chemical analysis (EDS) has been done on the sites corresponding to light points and on whole 
sample surface.
It has been a further confirm of the sulphuric nature of the crystals (table 1).

Table 1: EDS analysis of sample surface

element Wt % - Light point - 
sites

Whole
sample
surface

- P - 1.9 29.43
- S - 97.55 41.5
- Ca - 0.55 28.31

Photo 1: SEM imagine

Conclusions

Analysis pointed out that microbial activity determines an increasing of total porosity on Carrara 
marble samples.
Porosity increasing has an exponential trend in the first 6 months, while from 6th to 18th month it is 
almost stable pointing out a slowing down in the alterative processes.
From the 6th month on, total porosity values become stable, while a progressive increasing of pore 
diameter has been observed. The increment of pore diameter is even higher in oxygenated cultures. 
In samples immersed in medium without bacteria, total porosity increases much less.
After 18 months, porosity increment was equal to AP=2.5 while that caused by bacteria was 
AP=7.2.
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After 12 months culture, SEM-EDS analysis of sample surface show a wide crystal formation 
caused by bacterial activity.
Surface crystal removing, in samples where total porosity value showed a stabilization, determines 
a restarting in degradative processes as pointed out by total porosity increasing.
Weight loss in the time shows a gradually increasing. It increases even more in oxygenated 
cultured samples.
In conclusion it may be said that total porosity measures can be considered a good parameter to 
quantify the biological damage.
The trend of biodegradative phenomena observed, at first exponential then almost stable, require 
further investigations.
It has been supposed that this trend could be a consequence of the surface crystal formation that 
determines also a decreasing of oxygen available for bacteria on sample surface.
If this hypothesis will be confirmed it will give indications about the opportunity and the 
modalities of cleaning processes.
In fact too much strong cleanings, removing the degradative products, can settle again favourable 
conditions for a restarting of the biodegradative processes which have undergone to a passivation 
phenomenon.
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Abstract

Pentelic marble slabs were powdered by milling for different length of time. Particle 

size decreased upon milling while the particles obtained showed increasing 

mesoporosity Dissolution tests were done employing the constant composition 

technique and showed that the more porous the powder the slower it dissolved, 

although the surface area available for dissolution was greater. Dissolution rates 

showed dependence on the particle size. The size dependence of the dissolution rates 

was explained on the basis of the powder preparation method.

Introduction

A considerable number of investigators has reported on the dependence of the rates of 

crystal growth on the crystal size, in particular for crystalline salts of relatively high 

solubility. It was found that crystallites of larger sizes grow faster while those of 

small size at slower rates yielding a crystal growth rate profile [1-5].

For the dissolution of crystalline materials, however, to our knowledge, reports 

concerned with size dependence of the dissolution rates of sparingly soluble salts do 

not exist in the literature. Dissolution of calcium carbonate is of fundamental 

importance for marble weathering of monuments exposed in atmospheric conditions, 

especially in polluted environments with acidic precipitation [6-8]. Different marble 

types are characterized by different grain sizes. The dependence of dissolution rates 

on particle size could provide a possible explanation of the variable weathering rates 

of marbles depending on their origin.

In the present work we have investigated the dependence of the rates of Pentelic 

marble dissolution on crystal size. Batch type dissolution experiments were carried 

out at conditions of constant undersaturation using Pentelic marble powder, the 

particles of which varied from 100pm to 1pm. The various particle sizes were
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obtained by milling Pentelic marble for different time periods in a ball mill. 

Mechanistic explanations were derived based on the kinetics measurements.

Experimental Part

Pentelic marble slabs were subjected to milling for different length of time ranging 

from 2 to 30 minutes in a ball mill using ceramic crushing balls. Specific surface area, 

mesoporosity, macroporosity and crystallite size of the powders obtained were 

measured. Specific surface area and pore size distribution measurements were done by 

nitrogen adsorption (Micromeritics Gemini III 2375) in order to obtain the micro and 

mesoporous range, while the distribution of large (macro) pores was measured by 

mercury porosimetry (Micromeritics Pore Sizer 9305). The volume of the crystallites 

was measured in suspensions in saturated solutions by a laser scattering technique 

(Malvern Mastersizer X).
The dissolution tests were performed at conditions of constant undersaturation using 

the experimental setup shown in figure 1. The working solutions, containing calcium 

chloride, sodium bicarbonate and sodium chloride as the inert electrolyte were of 

known undersaturation with respect to calcite, and were placed in a batch type 

thermostated reactor, totaling volume 250ml. The exact value of the undersaturation 

was calculated using the HYDRAQL computer code [9]. Throughout the process the 

solution was stirred to ensure homogeneity. The pH of the working solution, which 

was measured using a combination glass-Ag/AgCl electrode (Mettler-Toledo, 405-60- 

S7/120), was adjusted to the desired value by the slow addition of a standard 0.01N 

NaOH solution (Merck, Titrisol). 5 mg of marble powder were introduced in the 

undersaturated solutions and the dissolution started immediately.

A change in pH as small as 0.005 units triggered the addition of titrant solutions from 

two mechanically coupled precision syringes controlled from the computerized 

titration system, to the working solution. The titrants consisted of CaCl2, NaHC03, 

NaCl as inert electrolyte and HC1 . The titrant concentrations dictated by the mass 

balance equations (eq. (l)-(4)), in order to dilute the working solution so as to 

maintain in the solution undersaturation .

[CaCl2]titrants=2 x [CaCl2] 8 sc 

[NaHC03]titranls=2 x [NaHCOJ

i working solution (1)

(2)i titrants. [working solution
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(3)

(4)

where c is a parameter the value of which is evaluated by preliminary experiments and 

depends on the rate of dissolution. Samples were withdrawn from the working 

solution at time intervals and were analyzed for total calcium, by atomic absorption 

spectrophotometry (Perkin Elmer, AAnalyst 300). The constant composition 

technique exhibits several advantages:

• The dissolution rates are measured very accurately. It is possible to measure with 

high precision even very small rates. We are thus able to perform measurements at 

very low undersaturations in which conventional techniques in which 

undersaturation ia allowed to decrease during dissolution.

• The dissolution may be followed for extensive mass loss, as long as the solution 

does not reach equilibrium and in principle, it may only stop when the dissolving 

material is completely lost.

• The effect of the extent of dissolution on the morphology of the crystallites may be 

investigated with scanning electron microscopy (SEM) at various stages of the 

dissolution process.

pH-meter
Electrode

Reactoi

Computer

O D
OD

Burettes

Figure 1. Experimental setup used for the dissolution experiments.
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Results and discussion

Thermodynamic considerations

It was assumed that the dissolution proceeds at the marble-water interface. The 

aqueous medium in contact with the marble was an undersaturated solution, with 

respect to calcite, the main chemical component (>99%) of Pentelic marble. The 

driving force for the dissolution is the change of the Gibbs free energy for the 

transition from the undersaturated solution to equilibrium:

A G = -
RT
2 In

(Ca2+),-(CQ32-),

(Ca2+)a/.(C032-)ei/ (5)

In eqn (5) R is the gas constant, T the absolute temperature (°K) and parentheses 

denote the activities of the respective ions at time t and at equilibrium, eq, 

respectively. The ratio of the activity product over the thermodynamic solubility 

product is the solution undersaturation, Q.. With respect to calcite, the values of H can 

range from 0 to 1 which corresponds to equilibrium between the solid and the aqueous 

phase.. The calculation of the change in Gibbs free energy requires knowledge of the 

activities of all species in solution. Solution speciation was computed taking into 

consideration all equilibria in solution, the charge and the mass balance equations. 

Dissolution of 1 mol of CaC03 involves withdrawal of 2 mol of H+ from the solution, 

according to equations (6)-(7), thus resulting in an increase of the solution pH.

CaCO3 +/Th> Ca2+ + HCOf (6)

HCOf + /T-* h2o+co2 (7)

In all experiments, the driving force for dissolution, was kept constant as verified 

from the constancy of the solution composition ( within 3%) throughout the course of 

dissolution.

Specific Surface Area and mesoporosity

Extended milling increased the mesoporosity (pores of diameters 20-500A) and thus 

increased the SSA of the powdered Pentelic marble. The variation of SSA with 

milling time showed a linear dependence as may be seen in figure 2.
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Figure 2. Variation of SSA (BET) of Pentelic marble powders with milling time.

It is interesting to note that 30 min milling of Pentelic marble slabs resulted in a 

dramatic increase of the SSA from 1.7 nrg'1 to 17m2g"'. Increased grinding times 

leading to the formation of finer powders resulted in an increase in the proportion of 

mesopores. The pore size distribution variation with the extent of milling is shown in 

figure 3.

Figure 3. Modification of mesoporosity of Pentelic marble powders with milling. 

Macroporosity

Mercury porosimetry results showed that the diameters of macropores (pores with 

diameters larger than 500A) showed a shift to lower values with increasing milling 

time as may be seen in figure 4. As suggested by SEM observations it is possible that
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extensive milling promoted the opening of inter-granular spacings and the separation 

of the larger crystals, thus leading to smaller crystallites.

milling 

- particles
0.4 -

mortar

0.3 -

10 min
0.2 - 15 min

20 mill

30 min0.1 -

0.0 -

Pore Diameter (jim)

Figure 4. Modification of macroporosity of Pentelic marble powders with milling 

time.

Crystal size

As shown in figure 5, extensive milling yielded, in general, narrower size 

distributions. Past 10 minutes milling, the average diameter of the particles of the 

powders obtained was as small as 1pm.

a««*,

Figure 5. Variation of crystal size distributions of Pentelic marble powders with 

milling.
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Dissolution experiments

All dissolution experiments were done at Q=0.8. A characteristic curve showing the 

addition of ti trant solutions as a function of time is presented in figure 6. The rate of 

marble powder dissolution decreased with time, suggesting that the number of active 

sites on the crystallites was reduced. From this curve and taking into account 

equations (6)-(7), the mass of the marble powder dissolved per unit time can be easily 

calculated. Initial rates were used for the kinetics analysis.

15000 2000010000

time (sec)

Figure 6. Dissolution of Pentelic marble powder as a function of time at constant 

undersaturation, 0=0.8, 25°C, pH=8.25.

The calculated rates (mass of dissolved marble per unit time) were normalized for the 

surface area available for dissolution. Several dissolution experiments in which the 

quantity of each of the tested sample (and thus the surface available for dissolution) 

was varied, showed that the normalized rates did not depend on the amount of the 

powders introduced in the undersaturated solutions for dissolution. This suggested 

that in each batch of samples tested, dissolution proceeded from a constant density of 

active sites. Samples however of different SSA yielded different rates of dissolution 

for the same undersaturation.
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Dissolution rates and porosity

The dependence of the dissolution rate on the specific surface area and thus on the 

mesoporosity of the powders tested is shown in figure 7.

0.05 -

0.04 -

0.03 -

0.02 -

0.01 -

0.00

Specific Surface Area (m2/gr)

Figure 7. Rates of dissolution of Pentelic marble powdered samples as a function of 

the respective SSA.

As may be seen, powders with higher mesoporosity (higher SSA) exhibited lower 

dissolution rates although the surface in contact with the undersaturated solution and 

available for dissolution was larger. It was found that there is a threshold of ca. 8 

m2g-l in the SSA above which, there is no dependence of the measured rates of 

dissolution on SSA. The obvious implication of the relationship found between the 

rates of dissolution and SSA was that there is a dependence of the dissolution rates on 

the mesoporosity of the powders. Pores are expected to play an important role in the 

kinetics of dissolution since they may act as solution sinks in which conditions 

different than those in the bulk solution may prevail, thus affecting the dissolution 

kinetics [10].

Dissolution rates and crystal size

The dependence of dissolution rate on particle size is shown in figure 8.
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Dissolution rates and porosity

The dependence of the dissolution rate on the specific surface area and thus on the 

mesoporosity of the powders tested is shown in figure 7.
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Figure 7. Rates of dissolution of Pentelic marble powdered samples as a function of 

the respective SSA.

As may be seen, powders with higher mesoporosity (higher SSA) exhibited lower 

dissolution rates although the surface in contact with the undersaturated solution and 

available for dissolution was larger. It was found that there is a threshold of ca. 8 

m2g-l in the SSA above which, there is no dependence of the measured rates of 

dissolution on SSA. The obvious implication of the relationship found between the 

rates of dissolution and SSA was that there is a dependence of the dissolution rates on 

the mesoporosity of the powders. Pores are expected to play an important role in the 

kinetics of dissolution since they may act as solution sinks in which conditions 

different than those in the bulk solution may prevail, thus affecting the dissolution 

kinetics [10].

Dissolution rates and crystal size
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Figure 8. Dependence of the dissolution rate on the particle size.

As may be seen, higher dissolution rates were obtained with increasing crystal size. It 

should be noted however that the mesoporosity of the larger particles was lower. The 

smaller crystallites obtained after extensive milling showed increased mesoporosity. 

These results suggested that the presence of mesopores results in the reduction of the 

dissolution rates while the absence of mesopores yields higher dissolution rates. This 

result needs further investigation since, as may be seen in figure 8, an increase in the 

crystallite size by a factor of 3, resulted in an increase of the dissolution rates by a 

factor of 6.

Conclusions
Milling of Pentelic marble slabs for extended length of time yielded powders with 

particle size decreasing linearly with milling time up to 30 min and increasing 

mesoporosity. Dissolution tests, at constant under-saturation, showed that powders 

with higher mesoporosity dissolved slower although the surface area available for 

dissolution was larger. Dissolution rates showed also a dependence on the particle 

size, an observation extensively referred to in the literature especially for 

crystallization phenomena. Taking into consideration the dependence of the 

dissolution rate on the porosity and the relation between the particle size and the 

porosity, it is suggested that the increased porosity is probably responsible for the 

slower dissolution rates rather than the crystal size itself.
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ABSTRACT

A novel non-destmctive methodology for the simultaneous quantitative determination 
of the calcium carbonate crystal phases (calcite, aragonite and vaterite) based on the 
use of Fourier Transform Raman Spectroscopy (FT-RS) was developed. The Raman 
spectra of well mixed powder specimens of the calcite-aragonite and calcite-vaterite 
pairs of mixtures were recorded and the characteristic bands at 711 cm-' for calcite,
700 cm'l for aragonite and 750 cm~l for vaterite were used. Detection limits were 
found to be 0.13 % for calcite, 0.18 % for aragonite and 1.30 mol % for vaterite. 
Application of FT-RS was compared to X-ray powder diffraction (XRD). XRD 
calibration curves were constructed using the relative intensities corresponding to the 
104, the 221 and the 110 reflections of the calcite, aragonite and vaterite, respectively. 
Detection limits for calcite, aragonite and vaterite were found to be 0.90, 2.90, 6.90 
mol %, respectively. Both techniques proved to be equally reliable when were tested 
against a known mixture of calcium carbonate polymorphs.

Keywords: FT-Raman, X-Ray Diffraction, calcite, aragonite, vaterite, quantitative 
analysis

INTRODUCTION
Three crystal phases of the anhydrous calcium carbonate are encountered in nature. 
The most stable thermodynamically is calcite followed by aragonite and vaterite [1], 
The formation and dissolution mechanisms of the calcium carbonate crystal phases 
have been the subject of many and extended investigations since CaCOs is present in 
numerous materials including but not limited to industrial scale formation, limestones 
and several pathological cases (urinary stones, pancreatic calcification etc.) [2-5].

Quantitative determination of the crystal phases present in a specimen is of paramount 
importance in the physicochemical studies but no reliable methodology is available 
due to difficulty in discriminating the different phases. Infrared spectroscopy was 
used in the past [6-8] but the methodology developed could not be applied in cases

* Corresponding author
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where all three polymorphs were simultaneously present while the high detection 
limits restricted its use. Alternative quantitative techniques capable of discriminating 
among the different crystal phases include application of X-Ray powder Diffraction 
(XRD) and Fourier Transform Raman Spectroscopy (FT-RS).

In this work methodologies were developed for the simultaneous quantitative 
determination of the calcium carbonate phases based on the use of FT-RS and XRD, 
and their detection limits were determined. The reliability of the proposed methods 
was tested by analyzing a known sample were all three calcium carbonate phases 
were present.

EXPERIMENTAL
Preparation of the Chemicals and the Samples

Calcite powder was prepared as follows: 1L of 1 M (NHLO2CO3 were added dropwise 
to 1L of 1 M Ca(NC>3)2 and magnetically stirred at ambient temperature. The 
suspension was incubated in the mother liquor for 15 days. Next, it was filtered, 
through membrane filters and washed with triply distilled water at 70° C. The crystals 
were dried at 120° C for 2 days and stored in a desiccator.

Pure aragonite crystals were prepared by the simultaneous dropwise addition of 5 mL 
of a solution of 1 M Ca(N03)2 (Ferak) at 90° C and 5 mL of 1 M (NH4)2C03 (Ferak) 
1M in 45°C into 200 mL triply distilled water at 95° C. The solution, during 
precipitation, was saturated with CO2 by bubbling the gas through the slurry. The 
crystals, in the form of slurry, were filtered (Millipore, 0.22 pm), washed with triply 
distilled water at 90°C and with absolute ethanol at room temperature. The powder 
was dried at 80° C for 1 h and stored in a desiccator.

Pure vaterite was prepared using the constant composition method [9]. Stock solutions 
of 0.1M calcium nitrate and 1M potassium nitrate, were prepared from the respective 
crystalline reagents (Merck) using triply distilled water. Sodium carbonate and 
sodium hydrogen carbonate solutions were freshly prepared before each experiment 
by diluting the corresponding solid reagents (Merck) in triply distilled water. Equal 
volumes of calcium nitrate, sodium hydrogen carbonate and potassium nitrate 
solutions were simultaneously added at 25 °C into the thermostated reactor vessel 
under vigorous stirring. The pH of the supersaturated solutions was adjusted through 
the addition of standard sodium hydroxide (0.1M) to the value of 9.0. The CaCOs 
precipitation reaction resulted in the release of protons in the supersaturated solution. 
Lowering of the solution pH triggered the addition of titrant solutions (calcium nitrate 
and mixture of calcium carbonate and calcium hydrogen carbonate at the molar 
stoichiometry dictated of the precipitating calcium carbonate [9]. At the end of the 
precipitation process, the suspension was filtered through membrane filters (Millipore
0.22pm). The solid collected was then dried for 2h at 80 °C.

All the solids were characterized prior to their use by FT-Raman spectroscopy, FT-IR 
Spectroscopy, X-Ray Diffraction, and their spectra found to matched those reported 
by others researchers.
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In order to construct the calibration curves, carefully weighted mixtures of calcite- 
vaterite and calcite aragonite, ranging, from 0 to 100 mol per cent purity, were 
prepared from the respective solids. The solid mixtures were thoroughly mixed 
mechanically. The homogeneity of the mixed powders was verified by obtaining 
several Raman spectra for each mixture, focusing the laser beam at randomly selected 
parts of the surface.

Instrumentation
Raman spectroscopy
Raman spectra were recorded using a FRA-106/S FT-Raman (Bruker) with the 
following characteristics: Laser excitation line used was the 1064nm of a Nd:YAG 
laser. A secondary filter was used to remove the Rayleigh line. The scattered light was
collected at an angle of 180° (backscattering). The system was equipped with a LN2 

cooled Ge detector (D 418). The power of the incident laser beam was about 400mW
on sample's surface. Typical spectral width was lcm'l.

X-Ray diffractometry
X-Ray powder diffraction analysis was performed with a Philips (Einbhoven, the 
Netherlands, Model 1830/40 instrument) on finely powdered samples using Cu Ka 
radiation (40kV and 30mA) and an Ni filter with a scanning speed of 0.005° 26 s"1. 
The time constant was set at 2s.

RESULTS AND DISCUSSION
Theory for the Construction of Raman Calibration Curve
The Raman spectra of calcite, aragonite, vaterite are in good agreement with previous 
reports [10-15] and are shown in Fig 1. Unluckily, the strongest bands of calcium 
carbonate phases, 1089 cm"1 for vaterite and 1084 cm"1 for calcite and aragonite 
overlap and cannot be used, for analytical purposes. The Raman active bands at 711, 
700, 750 cm"1 for calcite aragonite and vaterite, respectively, were used for 
quantitative analysis. Since the purpose was to find an easy and reliable method to 
calculate each ingredient's percentage, peak heights were used instead of the 
integrated intensities.

The intensity of a Raman line depends on a number of factors including incident laser 
power, frequency of scattered radiation, absorptivity of the materials involved in the 
scattering and the response of the detection system. Thus, the measured Raman 
intensity, I(v), can be represented as [16].

I(v) = 10K(v)C (1)
where Io is the intensity of the excitation laser line, v is the Raman shift, K(v) is a 
factor which includes the frequency dependent terms: the overall spectrophotometer 
response, the self-absorption of the medium and the molecular scattering properties. C 
is the concentration of the Raman active species.

Raman Calibration Lines
For a calcite-aragonite mixture, Eq. (1) can be rewritten for the 711 cm"1 peak of 
calcite and the 700 cm"1 peak of aragonite as follows:

l7“[c _ K 711

t700 K 700
Xę
X.

(2)
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Fig 1. Raman spectra of the synthetically prepared A, calcite, B, aragonite, C, vaterite

A plot of the ratios I7C" /1™° vs. XC/XA , as expected, yielded a straight line, Eq. 3, 
shown in Fig. 2.

t7U y
~^r = 1.395 X—(3)
IT xA

Correlation coefficient, r, was 0.9999 while the standard deviation for the slope was 
found to be 8.9x1 O'4. The detection limits (at 99.9% confidence level) were calculated 
to be 0.13 mol% for calcite and 0.18 mol% for aragonite.

The calibration line for calcite - vaterite was constructed using the Raman bands at 
711 cm"1 for calcite and 750 cm'1 for vaterite.
A plot of the ratios I™1 j17V50 vs. Xc/Xv , as expected, yielded a straight line, Eq. 4, 
shown in Fig. 3.

T7" X
= 9.30x-C (4)

lv A V

Correlation coefficient, r, was 0.9999 while the standard deviations for the slope was 
found to be 9.0xl0"3. The detection limits (at 99.9% confidence level) were calculated 
to be 0.14 mol% for calcite and 1.30 mol% for vaterite.

Some typical spectra of the various mixtures are shown in Fig 4.
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70 Euromarble



Re
la

tiv
e I

nt
en

sit
y

Raman Shift (cm1) Raman Shift (cm')

Fig 4. Raman spectra of: a. 20 mol % vaterite - 80 mol % calcite, b. 40 mol %
vaterite - 60 mol % calcite , c. 80 mol % vaterite - 20 mol % calcite, d. 32 mol %
calcite - 33 mol % aragonite - 35 mol % vaterite e. 20 mol % calcite - 80 mol %
aragonite, f. 40 mol % calcite - 60 mol % aragonite, g. 80 mol % calcite - 20 mol %
aragonite, h. 32 mol % calcite - 33 mol % aragonite - 35 mol % vaterite

Calculation of the Molar Fraction of Calcite, Aragonite and Vaterite in a sample 
using the Raman Calibration Curves:
Using Eq. (3), (4) and assuming that X(+XA+Xr=l, the molar fractions in a calcium 
carbonate specimen may be determined from the following relationships:

1.395x1700

I7̂  +1.395 xl7f° +9.30x1 v750 (5)

Xr=-
1 I,711

1.395 I 700 xX, (6)

XV=1.0-XA-XC (7)
The validity of these expressions was tested on a spectrum recorded from a powder 
mixture consisting of 32 mol% calcite, 33 mol% aragonite and 35 mol% vaterite. The 
results obtained were: calcite 31.9 mol%, aragonite 33.2 mol% and vaterite 34.9 
mol% resulting in an error 0.1, 0.2 and 0.1 % respectively.

It should be noted that the analytical methodology presented here does not depend on 
the simultaneous existence of the calcium carbonate phases, since there is neither 
chemical interaction between these species nor overlap of the corresponding bands in 
the Raman spectra. As a result, the relative intensities used in the analysis are not 
affected. Moreover, as may be seen from Eq. (1), the intensity of the Raman bands 
depends on the concentration of the investigated species alone.
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If an additional compound, is also present and provided that this does not contribute 
to the RS signal at the chosen frequencies and that there is no chemical interaction 
among the species present, Eqs. (3), (4) are still valid and the ratio of the calcite, 
aragonite and vaterite to the calcium carbonate phase can be determined.

Theory for Construction ofX-Ray Calibration Curve
The X-Ray spectra of calcite, aragonite and vaterite are shown in Fig. 5. These spectra 
are in good agreement with literature [17]. If the sample is a uniform mixture of two 
components and extinction and micro ab sorption effects are neglected, it can be shown 
that [18]:

Ll = AxTa. (8) 
h Xn

where A is a proportionally constant which depends on the component, the diffraction 
line and the mass absorption coeficient of the species present. IA /1B represents the 
ratio of the intensities of two selected diffraction lines in a mixture of two substances, 
and X Aj XB is the molar fraction ratio of the two substances. A plot of IA/1B should 
yield a straight line with an intercept of zero.

20 (deg)

Fig 5. XRD spectra of the synthetically prepared A, calcite, B, aragonite, C, vaterite 

X-Ray Calibration Lines
The calibration lines for calcite - aragonite and calcite - vaterite mixtures were 
constructed.

For the calcite - aragonite mixture the equation for the calibration line was obtained 
by linear regression of the experimental data, using the reflection peaks at 104 for 
calcite and 221 for aragonite (Fig 6):

r104 -y

-±Tr = 3.157x-£- (9)
IT X*

Correlation coefficient, r, was 0.9999 while the standard deviations for the slope was 
found to be 5.5x1 O'4. The detection limits (at 99.9% confidence level) were calculated 
to be 0.85 mol% for calcite and 2.90 mol% for aragonite.
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With the same way the calibration curve of the mixture calcite - vatente was 
constructed choosing the reflection peaks at 104 and 110 for calcite and vaterite 
respectively. The function of the calibration line yielded at Eq. (10), and shown in 
Fig. 7.

J 104 y

-filo ~ 7-691 (10)

Correlation coefficient, r, was 0.9999 while the standard deviations for the slope was 
found to be l.OxlO"2. The detection limits (at 99.9% confidence level) were calculated 
to be 0.90 mol% for calcite and 6.90 mol% for vaterite.

Some typical spectra of the various mixtures are shown in Fig 8.

X„/Xt

Fig 6. XRD calibration line for calcite - aragonite mixtures

Calculation of the Molar Fraction of Calcite, Aragonite and Vaterite in a sample 
using the XRD Calibration Curves
Using Eq. (9), (10) and assuming that Xc+Xa+Xv^I the molar fractions in a sample 
may be determined from the following relationships:

WoCTcTTs"

Xr/xl
Fig 7. XRD calibration line for calcite - vaterite mixtures
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3.157x1 221

r 104 + 3.157x1“' +7.691xlv110 (11)

Xr =
1

3.15711

f 104

'%T*Xa (12)

XV=1.0-XA-XC (13)
The validity of this expression was tested on the same ternary, used for testing the 
Raman calibration curves. Results obtained were: 31.5 mol% calcite 33.1 mol% 
aragonite and 35.4 mol% vaterite with error 0.5 0.1 and 0.4 % respectively.

Jf ~ /X Å d

X A y\ c
c

« X JK J b
c

__vx X____~ . J

1.

Fig 8. XRD spectra of: a. 80 mol % calcite- 20 mol % vaterite, b. 60 mol % calcite- 
40 mol % vaterite , c. 20 mol % calcite- 80 mol % vaterite , d. 32 mol % calcite - 33 
mol % aragonite - 35mol% vaterite, e. 20 mol % aragonite- 80 mol % calcite , f. 40 
mol % aragonite- 60 mol % calcite, g. 20 mol % aragonite - 80 mol % calcite, h. 32 
mol % calcite - 33 mol % aragonite - 35mol% vaterite

CONCLUSIONS
Two methodologies, based on FT-RS and XRD, respectively, were developed for the 
simultaneous quantitative determination of calcium carbonate crystal phases. Both 
techniques proved to be equally reliable when were tested against a known mixture of 
calcite, aragonite and vaterite but FT-RS found to be more suitable since: a) is non
destructive with a potential for in-situ application and b) FT-RS detection limits were 
much lower.
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Abstract
Dissolution rates of Pentelic powder marble in the presence of anionic, cationic and 
amphoteric surfactants were determined in the laboratory and were compared to the rate 
of the untreated marble powder. It was found that their effectiveness depends on the 
solution pH. The alkyl phosphoric acid partial ester (VPA3), an anionic type 
surfactant, was found to exhibit highest resistance to marble dissolution. VPA3 
and 1 -hydroxyethylidene diphosphonic acid (EHDP) were applied on marble slabs of 

different origin (Carrara, Pentelic Ekeberg), that were placed on an outdoor 
exposure rack for 4 months. Marble dissolution was measured from the total calcium 
analysis of the runoff from the exposed specimens. Preliminary results showed that the 
surfactants reduced weathering rates. The differences observed were attributed to 
the different role of interaction of the chemicals tested at water-marble interface.

Introduction
Marble consists mainly of calcite and is subject to damage upon exposure to the 
atmosphere, in particular in the presence of gaseous pollutants which affect the 
physicochemical characteristics of all types of precipitation. In the past three decades, 
marble decay has been extensively investigated. It is generally accepted that chemical 
as well as physical and biological factors are involved in the deterioration process.
The chemical factors cause a recession of the surface due to the dissolution of the 
mineral substance [1-6] while the kinetic aspects of calcite dissolution and its 
sulfation have been also addressed recently [7-11].

Serious research effort has been devoted also in the search for conservation methods. 
Today conservation treatment on marbles includes the use of acrylic resins (e.g. 
paraloid B 72) or mixtures of acrylic resins with MEMOS. In some cases epoxy resins 
are recommended. In a few examples marbles were consolidated with Ethylsilicate. 
However, the use of these products has recently been criticized. The main problem 
was found to be their deterioration by U.V. radiation upon outdoors exposure. In some 
cases the preservation techniques have been proven to accelerate the destruction of 
marble structures.

Crystalline calcium carbonate, the principal constituent of marble is characterized by 
the presence of a linear distribution of the calcium ions on the crystal face. Thus 
compounds which contain functional groups ionized at near neutral pH may adsorb 
strongly in a rod like form. Effective inhibition of the growth of calcium sulfate 
dihydrate has been achieved through this hypothesis in the presence of 
polyvinylsulfonate and polyglutamic acid [12]. Smaller molecules, with a few 
functional groups may also act as inhibitors through the blockage of the active sites
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caused by the formation of surface coordination compounds[13]. Since crystal growth 
and dissolution are two opposite processes it is anticipated that the use of strongly 
adsorbing compounds will lead to retardation of the dissolution process.

From the above it is apparent that a more systematic search for the proper additives to 
act as marble dissolution inhibitors is needed. In this work anionic, cationic and 
amphoter surfactants having different functional groups will be tested and their 
inhibition effect on marble powder will be measured. The compound exhibiting 
the best inhibition characteristics along with one more surfactant having similar 
functional groups in its molecule will be applied on freshly cut marble slabs from 
different quarries (Carrara, Pentelic, Ekeberg). The samples will be exposed outdoors 
for a four month period and the extent of deterioration will be compared to the damage 
of unprotected marbles exposed at the same climatic conditions. The inhibition effect o 
each surfactant tested will be measured from the calcium ion concnetration in the rainwatt 
runoff collected from the exposed sepcimens.

Experimental
The experimental setup used for the constant driving force experiments is shown in 
Fig. 1.

pH-meter
Electrode

Computer

Reactor

Burettes

Figure 1. Experimental setup used for the dissolution experiments.

The working solutionswere made by mixing equal volumes of known calcium 
chloride and sodium bicarbonate concentrations and were placed in a batch type 
thermostated reactor. Throughout the process the solution was stirred to assure 
homogeneity. The pH was adjusted to the desired value by means of addition of a
0.0IN NaOH solution. 5 mg of marble powder was added to the solutions and the 
reaction started immediately. Dissolution of 1 mol of CaC03 involves removal of 2 
e uivalents of H+ from the solution, according to equations (l)-(2), thus resulting 
in an increase of the solution pH according to the scheme

CaC03 —» Ca2+ + C032" (1)
C032" +2H+ -4 H2C03 (2)

A change in pH as small as 0.005 units triggered the addition of titrant solutions from 
the mechanically coupled burettes to the working solution. The titrants consisted of 
CaCl2, NaHC03, NaCl as inert electrolyte and HC1 to adjust the pH, in concentrations 
dictated by the mass balance equations (eq. (3)-(6)).
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[CaCl2]titrants=2 x [CaCl2]workingsolution - c (3)
[NaHC03]titrants=2 x [NaHC03]working solut,on - c (4)
[HC1]“=2 x (-[NaOH]workingsolut,on)+ 2 x c (5)

[NaCl]titmnts=2 x [NaCl]workingsolution (6)

where c is a parameter the value of which is evaluated by preliminary experiments.

The exposure rack for the outdoor experiments in shown in Fig. 2. The rainwater 
runoff, used for the elemental Ca analysis, was collected from two exposure racks 
placed in Messina, Italy and in Stockholm, Sweden.

Figure 2. Exposure Rack

Atomic absorption spectroscopy (Perkin Elmer, AAnalyst 300) was used for the 
measurement of the total Ca concentration in the rainwater runoff from the marble slabs

Chemicals
Carrara, Pentelic and Ekeberg marble slabs were freshly cut prior to the application of 
the additives and their placement on the exposure rack. Carrara and Pentelic marble 
composition is mainly from calcium carbonate while Ekeberg marble is mainly 
dolomite (MgCa(C03)2). The dimensions of the slabs were 5 x 5 x 1 cm while the 
exposed surface to weathering was 5x5 cm.

Diquartenary polydimethylsiloxane, Cl 3/C 15 alkyldimethylamin acetate, Polysiloxan- 
polyorganothio-sulfate, Alkyl phosphoric acid partial ester and Polysiloxane- 
polyorgano-betain copolymer were provided by Dr. Stefan Simon from Konservierung 
& Denkmalpelege Consulting and were used as received. 1-hydroxyethylidene 
diphosphonic acid (EHDP) was acquired from Monsanto, USA.

Marble powder was prepared from Pentelic marble, which was milled for 2 min and 
its snecific surface area was 1.7 m2/g
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Results and Discussion
Laboratory Experiments
The additives tested are shown in Table 1.

Table 1. Surfactants tested
Name Chem. tvne Chem. structure
VPK1 kationie Diquartenary polydimethylsiloxane
VPK2 kationie Diquartenary polydimethylsiloxane
VPK3 kationie Cl 3/C 15 Alkyldimethylamin acetate
VPA2 anionic Polysiloxan-polyorganothio-sulfate
VP A3 anionic Alkyl phosphoric acid partial ester
VPN1 amphoter Polysiloxane-polyorgano-betain copolymer

The additives of Table 1 were tested for their inhibition effect on marble powder 
dissolution under constant driving force using the experimental set-up shown in Fig.
1. Experiments were contacted in pH 8.25 and in pH 5.5, either by adding 1-10 mg/L 
of the surfactant directly to the solution where dissolution was taking place or by pre
treating the powder in a solution containing triply distilled water and 1% of the 
additive for 48hr.

Curves of the type shown in Fig. 3 were obtained when the marble powder was not 
pre-treated with the additive. The amount of the dissolved powder was determined 
indirectly from the volume of the titrants added since in all dissolution experiments 
the driving force was kept constant (see Experimental).

blank
mass loss: 100%

additive 
mass loss: 50% 
inhibiting effect: 50%

time (sec)

Figure 3. Characteristic curves obtained during a dissolution experiment with and 
without an additive present. Marble powder was not pre-treated with surfactant.

The delayed effect of the surfactant observed in the first part of the curve (A-B) was 
attributed to the time needed for the additive to establish equilibrium between the 
solid and the solution. This part was avoided when powder was pre-treated with the
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additive. For the second part of the curve (B-C) the inhibition effect (IE) can be 
expressed as % decrease of the percentage of the mass loss, at a specific time, with 
respect to untreated specimen and can be calculated as follows:

IE = (S/NT) x 100 (7)

Where S is the mass loss of a powder impregnated with the surfactant while NT is the 
mass loss of the untreated sample (blank).

Experiments in alkaline pH
The inhibition effect of the different additives used at pH=8.25 are shown in Fig. 4.

160

140

120

100
u

3Ł 80
LÜ
co 60
5
!cc 40

20

Dissolution
110% at pH-8.25

VPK1 VPK2 VPK3 VPA2 VPN1 VPN1 VP A 3 VPA3
10 ppm 10 ppm 10 ppm 1 ppm 1 ppm 10 ppm 1 ppm 10 ppm

Figure 4. IE of the VP series of surfactants at pH 8.25

It is apparent that there was no IE for the kationie VPK series. On the other hand, very 
promising results were obtained for the amphoter VPN 1 and the anionic VP A3 where 
a dependence of the inhibition on the concentration of the additive was observed. 
lOppm of VPN1 reduce dissolution to the half whereas lOppm of VPA3 almost stop 
completely the dissolution..

Experiments in acidic pH

Experiments in acidic pH show no significant dissolution inhibition for almost all of 
the additives. Only VPA3 seems to prohibit dissolution but not to a large extend. 
Results are shown in Fig. 5.
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160

Dissolution

VPKl VPK2 VPK3 VPA2 Na2HP04 VPN1 VPA3
10 ppm 10 ppm 10 ppm 10 ppm 10 ppm 10 ppm 10 ppm

Figure 5. IE of the VP series of surfactants at pH 5.5.

EHDP Adsorption on Marble Powder
VPA3 was proven to be an excellent inhibitor for marble powder dissolution possibly 
due to the presence of phosphate group, which is known to form insoluble surface 
complexes with calcium carbonate. Thus, it was decided to test also the adsorption 
ability of 1 -hydroxyethylidene diphosphonic acid (EHDP) which also exhibit the same 
functional group as VPA3 while it is also known to be resistant to chemical hydrolysis 
and shows stability with time. Strong adsorption characteristics it will probably 
indicate formation of surface complexes and therefore will proved to be an excellent 
candidate for its application on marble slabs along with VPA3.

pH=8.25

4.6x10-

4.4x10-

4.2x10-

4.0x10-

3.8x10-

10000800060004000

time (sec)

Figure 7: Kinetics of EHDP uptake by Marble Surface

EHDP was added in a calcium carbonate saturated solution with powdered Pentelic 
marble. Samples were withdrawn at regular intervals and filtered. EHDP was then
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decomposed using UV radiation in the presence of K2S2O8 and the free phosphate 
was measured spectrophotometrically. Based on these measurements the 
kinetics of EHDP uptake by marble surface was established (Figure 7). The observed 
reduction of EHDP concentration in the solution corresponds to its adsorption on 
marble surface thus EHDP is expected to act as inhibitor to marble dissolution.

Outdoor Exposure Experiments
Marble slabs were immersed in a solution having 1 % of either VPA3 or EHDP prior 
to their placement on the exposure racks (Fig. 2) in Messina, Italy and Stockholm, 
Sweden. Selection of the rainwater runoff and subsequent analysis of the Ca ions 
present in the runoff using atomic absorption spectroscopy has shown that Ca 
concentration in the runoffs collected from the slabs treated with the additives was 
lower. Results from the slabs with VPA3 were slightly better as those tfrom the slabs 
treated with EHDP. All runoff analysis results are presented in Tables 2 and 3.

Table 2. Ca/mg L'1 in runoff solutions from the exposure site in Stockholm, Sweden
Marble type Runoff from Runoff from Slabs Runoff from Slabs

Untreated Slabs with VPA3 with HEDP
Carrara 2.68 1.92 2.37
Pentelic 2.64 1.96 2.45
Ekeberg 1.03 0.91 0.68

Table 3. Ca/mg L~‘ in runoff solutions from the exposure site in Messina, Italy
Marble type Runoff from 

Untreated Slabs
Runoff from Slabs 

with VP A3
Runoff from Slabs 

with HEDP
Carrara 21.04 10.8 No Runoff was 

collected
Pentelic 21.9 17.42 17
Ekeberg 14.21 6.89 7.32

The lower Ca concentrations in the runoff collected from the Ekeberg slabs is due to 
its dolomitic nature.

Conclusions
It was found that VPA3, an anionic surfactant exhibiting the phosphoric group, could 
be used effectively for inhibiting the marble powder dissolution at pH 8.25. At pH 5.5 
VPA3 was also the best inhibiting additive but the IE was much lower than in alkaline 
pH. EHDP, a compound with similar functional group, found to be strongly adsorbed 
on marble powder surface suggesting that it is also a good candidate for inhibiting 
marble deterioration. Application of VPA3 and EHDP on marble slabs exposed 
outdoors for 4 months has shown that indeed the selected agents can moderate the 
marble dissolution effect due to weathering.
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Abstract

The aim of the study was to investigate differences in chemical weathering behaviour between 
fresh and impregnated dolomitic marble due to simulated acid rain impact. The magnitude of 
the chemical corrosion was correlated to effective porosity, air-permeability and water 
absorption ability. The experimental set-up for chemical analysis of marble utilised in this 
study relatively high concentration of air pollutants in order to observe weathering 
phenomena. Short-term on-line gas analysis of SO2 and NO2 were performed in a single 
corrosion chamber. An increase in sulphation of the marble surfaces was observed after the 
exposure experiments. Impregnated marble became much more resistant to acid rain impact 
compared to the fresh one. Impregnation material increased the Si/Ca ratio and decreased 
air-permeability of the marble. Reducing the air-permeability and increasing the Si/Ca ratio 
of a marble used as e.g. outdoor building panels may increase its durability, especially in an 
urban environment with a humid climate.

Keywords: marble, chemical weathering, impregnation, effective porosity, air-permeability, 
water absorption ability, S02, N02.

l.Introduction

The finest collections of sculptures and historic and modem buildings are constructed totally 
or partly of calcareous rocks. The durability of calcareous material exposed to acid rain has 
became an environmental issue. Carbonate minerals are among the most reactive under earth- 
surface conditions (Morse, 1983). The dissolution of these minerals is one of the primary 
mechanisms of the deterioration of building materials and heritage (Weaver, 1991).

Marble from Thassos in northeastern Greece (Fig. la) has been quarried since the 7th century 
BC. The marble used in this study is known as Snow White of Thassos (Fig. lb) and is found 
in sculptures and buildings all over the world. The marble belongs to the Potami a Series of 
Thassos, which includes dolomitic marble, gneiss and calcitic marble (Zachos, 1982). The 
Potami a Series of Thassos is a part of the Falakron marble series which in turn belongs to the 
“lower tectonic unit” of the Greek Rhodope province (Dinter, 1994). The age of the Falakron 
series is poorly constrained, but these rocks has been intruded by mid-Oligocene granitoid 
plutons, and must therefore be early Oligocene or older.
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FIGURE 1: (a)The geographical localisation of Thassos (modified after Tzen, 1995) and (b) 
part of a quarry of Snow White of Thassos.

Snow White of Thassos is a fine-grained dolomitic marble and consists of (in weight %) 86 
% dolomite, 12% calcite and 2% quartz (Alexandri, 1991). For the chemical composition of 
the marble see Tab. 1.

TABLE 1: Chemical compounds of Snow White of Thassos (Alexandri, 1991).

Chemical analysis [weight %]
:|CaO r 34.00
MgO 1 20.00

piö2 r 0.07
Fe2C>3 0.14
AI9O3 0.20

!|k2o 1 0.02
| Na20 r 0.03
itVlnO 0.02
|co2

r——■
1 46.20

Dolomite and calcite exhibit a bimodal grain size distribution. Deformational twinning and 
rhombohedral cleavage do occur, as well as sutured to curved planar grain boundaries. In 
most of the grains, the twinning lamellae reach the boundaries, but in most of these grains 
they are irregularly erased to some degree (Cronquist and Sahlin, 1997). The texture is a 
combination of inequigranular, decussate (interlocking grains) and xenotopic (anhedral 
grains). The marble has been dolomitised and dedolomitised periodically. The marble is also 
characterised by an extremely bright colour (Munsell 8.5-9.5 according to Waelkens et al., 
1988).
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The conventional stone tile, mainly used as building material, is untreated (except for cases of 
surface treatment) and at least 10 mm thick. A patent has been obtained on a new method, 
which makes it possible to produce natural stone tiles only 4 mm thick. The tiles are 
impregnated with a potassium-based water glass, diluted with water, colloidal silica and Berol 
048 (non-ionic surfactant), using vacuum technique. The purpose is to increase the 
mechanical strength and the durability of the stone material. During the vacuum impregnation 
process it is believed that the impregnating agent fills the open spaces within the tiles, but to 
what depth? It is also unknown what transport path the liquid takes; through pores, cracks, 
between grains etc.

The tiles aim to be applicated as exterior cladding panels of buildings, on indoor floors, and as 
interior decoration in bathrooms and kitchens etc. Interior decoration in lifts and on passenger 
ships could also be possible due to its low weight compared to the traditional thicker tiles. 
The tiles will be applied using tile fixative and mortar or adhesives.

The aim of the study was to investigate differences in chemical weathering behaviour between 
fresh and impregnated dolomitic marble due to simulated acid rain impact.

2. Experimental 

2.1 Chemical analysis 

Sample preparation
Two sample types of Snow White of Thassos were used in the study; small quadratic prisms 
30 x 30 x 4 mm, and thin sections. The prisms were polished in water with silicon carbide 
paper to 500 mesh on all sides and thereafter placed in the high purity water and washed in an 
ultrasonic bath 3 times for 15 min. The washed samples were vacuum-dried in a desiccator 
with a drying agent for one week and equilibrated at the relative humidity for another week. 
Thin sections were equilibrated at the same relative humidity as the prisms. Prior to exposure, 
a 0.12 mm thick nylon thread was bound around the sample for suspension in the exposure 
chamber. One sample at the time was used in each on-line exposure.

Corrosion chamber
The experimental set-up for the chemical analysis of the marble is depicted in Fig. 2. Short
term on-line gas analysis of SO2 and NO2 was performed in a single corrosion chamber. In the 
apparatus air pollutant concentrations could be used in the same order of magnitude as those 
encountered in moderately to heavily polluted urban environments. Its utilisation is ideal for 
the determination of deposition velocities for single and multi-pollutant gas mixtures using 
ppm and ppb concentrations and for investigations of chemical reaction mechanisms. The 
main advantage of the short-term corrosion chamber is the high accuracy in the control and 
regulation of temperature, gas flows, relative humidity and concentrations of corrosive gases 
such as SO2 and N02.

Analysis of exposed samples
The deposition rates of the SO2 were measured with an on-line SO2 fluorescence instrument 
(Environment s.a.A.F. 21M). For the optical analysis of the thin sections and for the prisms a 
polarising microscope was used.
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2.2 Physical analysis

Water absorption ability and density
The water absorption ability and the density were measured according to DIN 52103-A and 
DIN 52102-RE, VA. Quadratic prisms 40 x 40 x 10 mm were used.

Effective porosity
The effective porosity was calculated combining the total volume from the water absorption 
ability and the density tests with the volume obtained from a Helium pycnometer. The 
pycnometer (Micromeritics AccuPyc 1330) measures the volume of the open pore systems. 
The samples used for the pycnometer measurements were the same as the ones used for the 
water absorption ability and the density tests.

Air-permeability
The air-permeability were measured using a Schönlin-Apparatus connected to a vacuum 
pump. Quadratic prisms 200 x 200 x 10 mm were used. The air-permeability coefficient were 
calculated using the formula 1:

(ti -t0)(Pa "(Pi -Po)/2) A

where k is the permeability coefficient, pi and po are the pressure inside the vacuum chamber 
at the end and at the beginning of the measurement respectively, pa is the atmospheric
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pressure, tj - to is the duration of the measurement, Vs is the volume of the vacuum chamber, l 
is the thickness of the specimen and A is the cross section of the specimen.

3. Results and discussion

Significant increase in sulphation was observed during exposures of Snow White of Thassos 
to SO2 and NO2 at 95% R.H. in the corrosion chamber. Simultaneous exposure of S02 and 
NO2 of the marble samples has resulted in a much higher sulphation rates compared to SO2 

exposure only (Fig. 3 and Fig. 4). The fresh samples showed the highest rate of S02 
deposition catalysed by NO2 presence while the impregnated samples were much more 
resistant. Higher input concentration of SO2 did not contribute to higher deposition rate. 
Synergistic, corrosive effects of air pollutants on calcareous stones were investigated by 
several authors (Elfving, 1994; Mangio, 1991).

(a)
Marble fresh

Time(h)

Marble fresh (b)
S02 902 ppb + N02 195ppb 95% RH

FIGURE 3: The deposition of SO2 on fresh marble (a) and catalysed by presence of N02 (b).
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FIGURE 4: The deposition of S02 on impregnated marble (a) and catalysed by presence of 
N02 (b).

Calcium carbonate from the marble easily reacted with S02 and N02 forming crystalline 
corrosion calcium sulphate products (Fig. 5 and Fig. 6). The parts that became black after the 
simulated acid rain exposure correspond to calcium sulphate products (Fig. 5c and Fig. 6c). 
The fresh marble became covered by larger areas of corrosion products than the impregnated 
one. The white areas in Figure 6b and 6c were probably a result of the reaction between the 
impregnation material and water.
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FIGURE 5: Thin section microphotographs of fresh marble before exposure in corrosion 
chamber (a and b) and after exposure (c) to atmospheres containing 902 ppb SO2 

and 195 ppb N02 and 95 % R.H. (a) in polarised light with crossed polars; (b) 
and (c) luminated from above in plane-polarised light.
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FIGURE 6: Thin section microphotographs of impregnated marble before exposure in 
corrosion chamber (a and b) and after exposure (c) to atmospheres containing 
902 ppb S02 and 195 ppb NCb and 95 % R.H. (a) in polarised light with crossed 
polars; (b) and (c) luminated from above in plane-polarised light.
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No distinct differences from the physical tests were observed in effective porosity and water 
absorption ability between fresh and impregnated samples, whereas a significant difference 
existed in air-permeability where the impregnated samples showed much lower air- 
permeability than the fresh ones (see Tab. 2).

TABLE 2: Physical properties of the fresh and the impregnated marble.

1 Fresh marble Impregnated marble
Density [g/cnV] 2.83 2.83

Effective porosity [%]
1

1.3 1.5

Permeability coefficient 
[m2/s]

2.3 *104 5 1.4*1 O'5

Water absorption ability 
[weight %] / [volume %]

0.2/0.5
L,

0.2/0.5

The potassium-based water-glass contains high amount of silica, which is highly resistant to 
acid rain compared to calcium carbonate. Hereby the grade of weathering is expected to be 
lower on the impregnated samples, which also is the case in this study. However it is 
unknown how deep into a sample the water-glass penetrates (due to detection problems), but 
we assume that the stone surface should be coated by the water-glass and therefore be less 
porous on its contact surface with acid rain. The acid rain impact and air-permeability tests 
consider mainly the surface phenomenon. This should be carefully thought about when 
interpreting the effective porosity and water absorption ability data, which consider a 
sample’s total volume. If assumed that the water-glass not penetrates into the samples interior 
(pores and cracks) but only coating the surfaces, then this could be the possible reason why 
the effective porosity and the water absorption ability between fresh and impregnated samples 
do not differ significantly. Further, the effective porosity is very small and the material is 
naturally heterogeneous, which also should be considered regarding the porosity data.

All samples used in this study are prisms except for the thin sections. One of the two larger 
surfaces has been polished. All the other surfaces have not been polished, only honed or cut, 
and are therefore rougher. The effective porosity and the water absorption ability tests take 
into account all the surfaces of the samples, whereas the air-permeability and the acid rain 
impact tests only consider the polished surfaces. This may be an explanation why it is difficult 
to find a correlation between fresh and impregnated samples, concerning effective porosity 
and water absorption ability and air-permeability.

4. Conclusions

Treating tiles of Snow White of Thassos with potassium-based water-glass, using vacuum 
technique, reduced the air-permeability and increased the Si/Ca ratio. The impregnated marble 
became more resistant to acid rain impact compared to the fresh marble. Reducing the air- 
permeability and increasing the Si/Ca ratio of a (dolomitic) marble used as e.g. outdoor 
building panels may increase its durability (lifetime), especially in an urban environment with 
a humid climate.
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Impregnated samples showed lower air-permeability than the fresh ones, which can be 
correlated to the acid rain impact test, where lower impact could be observed on the 
impregnated samples compared to the fresh ones.

Long time exposure to acid rain (exposure plus flushing) under laboratory conditions increase 
the vulnerability of the material.
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Testing and Assessment of Marble and Limestone
Lisbeth Alnæs, SINTEF, Norway, Jan Anders Brundin, Jananders Consulting AB, Sweden,

Bent Grelk, RAMBØLL, Denmark and Björn Schouenborg, SP, Sweden

Background

The use of thin marble and limestone slabs as facade cladding has increased substantially during the last few 
decades. The durability of such thin slabs (often 3-4 cm) has been perceived to be satisfactory based on 
centuries of successful use of marble and limestone as a building stone.

However, during recent years reports of facade failures have increased dramatically. Prominent buildings such 
as the Amoco building in Chicago, the Finlandia City Hall in Helsinki, La Grande Arch in Paris, and the Bastille 
Opera in Paris have all experienced serious durability problems with their marble or limestone clad facades, (i.e. 
the first two have had their facades replaced, and the two Parisian buildings both have steel wire grids installed 
to protect against falling slabs).

Thin marble slabs are expanding, bowing, loosing their strength, and ultimately the plates detach themselves 
from the anchoring system and fall down (Sydsvenska Dagblad, Malmø, Sweden). The problems regarding 
limestone facades are slightly different. Apparently, limestone does not bow, but it expands causing serious 
problems if the joints are not sufficiently wide to account for the expansion (e.g. Bastille opera).

Although the vast majority of reported durability problems with thin marble or limestone slabs refer to the 
Italian Carrara marble, which is also by far the most widely used marble in the world. Other marbles e.g. 
American, Norwegian and Portuguese have also been reported to bow on facades. However, the reports on 
performance of Carrara marble are inconsistent, since in some cases Carrara marble apparently performs 
satisfactory. The direction of the observed bow may be either convex outward or concave inward, probably 
depending on environmental (climatic) conditions. However, despite considerable effort the exact physico
chemical processes responsible for the degradation of thin marble and limestone slabs exposed to outdoor 
conditions have not been established by the research community.

As a consequence of the reported durability problems and the lack of fundamental understanding of the 
problem, both producers and users (architects and building owners) of marble and limestone are almost 
desperate for more knowledge and in particular they are eager to get a test method able to distinguish durable 
building stone from non-durable building stone.

Performance of thin marble and limestone slabs is controlled by both intrinsic and extrinsic material parameters 
as well as by environmental conditions. The intrinsic parameters believed to influence durability are among 
others mineral composition, porosity, and grain size, grain interlocking and thermal anisotropy. The extrinsic 
parameters believed to influence durability are slab dimensions in particular thickness and direction relative to 
the marble’s foliation in which the slab has been cut.
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Most investigations point to that environmental 
conditions such as temperature fluctuations and 
moisture exposure are essential to the 
development of marble bowing. In this context it 
is well documented that marble expands when 
heated, and on subsequent cooling not fully 
contracts leaving a small residual length increase.

In dry condition, however, no increase in residual 
length is observed after only a few cycles of 
heating and cooling. However, if moisture is 
present irreversible expansion apparently 
continues "indefinitely". Unfortunately, most if 
not all building facades are exposed to 

temperature fluctuations and moisture, although some areas of the world are of course worse than others in this 
respect.

Yet another factor influencing durability is the anchoring system. Considerable disagreement exists among 
researcher as to the ability of the anchoring system to prevent or reduce waiping. Some research claim that 
warping occur regardless of anchoring system, whereas other research suggest that the number and location of 
anchors may altogether prevent warping of thin marble slabs on facades.

The project is holistic with the three clear-cut objectives being:

1. To establish a sound understanding based on natural sciences of the phenomena leading to poor field 
performance of marble clad facades.

2. To device a test method for determination of potential bowing of thin slabs of natural stone.

3. To develop a field monitoring, evaluation and repair guide for facade cladding, which will include 
risk assessment and service life prediction.

The first step of the project is to establish the service record of a number of marbles and limestone from 
case studies of existing buildings. Obviously, the case studies shall be carried out in countries with 
different climatic conditions (e.g. Scandinavian countries, Germany, Italy etc.) and include both good and 
poor performing stone and on a sufficient number of different marble and limestone varieties.

Based on the case studies 5 to 10 buildings are selected for more detailed testing and monitoring in order 
to develop a monitoring and evaluation program aimed at aiding in predicting the service life of existing 
facade claddings. Also, based on the case studies and the available literature a number of marbles and 
limestone are selected to be part of the laboratory research program aimed at developing a test method for 
potential expansion and bowing as well as establishing a fundamental understanding of the physical or 
chemical processes leading to poor performance.

The research part of the project involves a comprehensive material characterisation of the selected 
marbles and limestone including determination of all intrinsic and extrinsic parameters described 
previously believed to influence durability as well as a number of other critical parameters.
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Research approach

The recent findings in the Nordtest project are of vital importance for the workplan of the TEAM project a 
input, e.g. for the facade assessment system and the bowing and expansion tests. The general approach is 
therefore to start with updating the necessary information from past and present related projects into a 
state-of-the-art report of the deterioration mechanisms. In addition, to perform general case studies in ordei 
to gather information about geographically, meteorologically and geologically differences.

Based on this first step input is mainly given to workpackage (WP) 2 and 3, as a selection of suitable buildings 
for a more detailed study including the installation of long-term monitoring systems. Monitoring the 
microclimate in relation to the strain and bowing give information needed to be able to give recommendations 
on the possible use in different climates. It also gives the necessary information to be able to perform a risk 
assessment, i.e. to predict further bowing development and decrease in strength. Safety criteria can subsequent!; 
be drawn up. The outcome of this second step is a concept for Assessment of facades. Whether the fixing 
system plays an important role to prevent bowing will be assessed in this WP.

Additional input to other WP's is the selection of marble and limestone types (WP 4) for laboratory research of 
the deterioration mechanisms. It is very important to understand that it is not only the Carrara marble that 
display bowing tendencies! In order to get relevant information about the material properties and performance, 
large selection of different marble and limestone varieties are therefore needed. Among other things, different 
production orientations in relation to rock structures in the quarry will be represented among the samples, and 
different surface treatments such as grinding and polishing.

The next step, WP 5, is to determine the degradation mechanisms by laboratory research on samples fror 
buildings, quarries and production. Material characterisation is performed in relation to the findings from WP 1 
2 and 3. Critical levels of temperature and moisture are to be determined. Stress measurements shall be carrie 
out in the quarry and the production for the characterisation of the rock mass properties. Input is then main! 
given to WP 6 and 8.

Based on these findings, three test methods will be assessed. As a result of this, one single test method for 
bowing and one for irreversible thermal and hydrie expansion will be chosen within WP 6. The test procedures 
will be fixed and the precision will be established by an inter-comparison test.

Different surface coatings and impregnation systems will be tried in-situ and in a field site, WP 7. The potential 
positive side effects on frost durability and graffiti cleaning will also be assessed in a separate task.

In order to promote a sustainable materials production, WP 8 deals with the quality control and how to prevent 
the production and use of deleterious marble and limestone material. This WP includes screening methods that 
the producers should be able to use themselves.
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One of the most important factors for a successful outcome of the project is the possibility to implement the 
results among the producers, users and authorities. A detailed dissemination workpackage (WP 9) has therefore 
been described. This WP includes exhibitions and seminars at annual fairs, Web sites, workshops and a very 
close co-operation with the European standardisation of natural stone, CEN TC 246.

The project is divided into 10 Workpackages with following main tasks:

WP 1: Case Studies - Existing Buildings.
Literature study - State-of-the-Art Report.
Documenting existing buildings with examples of good and bad performance.

WP 2: Assessment of Facades.
Technique and equipment for in-situ measurement of the present bowing.
Inspection of selected buildings.
Correlation between "strength" and the magnitude of bowing.
Risk analysis
Evaluation of the fixing system 
Selection of samples from building facades

WP 3: Long Term Monitoring System
System installation requirements
On-site monitoring, installation and data collection
Evaluation of the monitoring performance

WP 4: Selection of Samples from Quarries and Production.
Selection of samples from quarries 
Selection of samples from production

WP 5: Research.
(Clarify the driving force behind the bowing tendency)

Geological framework (in-situ stresses)
Production conditions 
Rock and mineral properties
Other properties (temperature and moist gradients etc.)

WP 6: Laboratory Test Method.
Test method for bowing properties
Test method for irreversible thermal and hydrie properties
Inter-comparison test

WP 7: Impregnation and Surface Coating.
- Investigation of the influence of impregnation on the bowing tendency in laboratory testing. 

Investigation on the influence of surface treatment on existing panels.
Test field for more than 20 stone materials with different coatings etc.
Investigation on positive side-effects

WP 8: Production Quality Control.
Product control (screening test)
Stone production control

WP 9: Dissemination.
Guidelines and publications
Fairs, workshops, seminars, Web site etc.

WP 10: Co-ordination and Management.
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Tte to»’ of input between ite dlfforeat WF» are outlined below under Worispsekoge Description.

Description of the participants

In order for the TEAM project to be carried out successfully the Consortium consist of following Partners:

SP, Swedish National Testing and Research Institute Sweden
G.M.Idom Consult, RAMBØLL Denmark
SINTEF Norway
Jananders Consulting AB Sweden

Intemazionale Marmi E Macchine Carrara S.p.A. Italy
BRE, Building Research Establishment Limited Great Britain
Politecnico Di Torino Italy
Vienna University of Technology Austria
Fischerwerke Artur Fischer GmbH Germany
Eka Chemicals AB Sweden
Nyköping Kommun Sweden
Georg August Universität Germany
Realkredit Danmark Denmark
Trion Tensid AB Sweden
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Church of Nativity of Virgin in Nizhni Novgorod. 
Ultrasonic study of a limestone decor

With participation:
R. Lobzova*, I. Orlov**

B. Sizov

State Research Institute for Restoration, Moscow (Russia)

The church of Nativity of Virgin in Nizhni Novgorod - one of the best 

examples of Russian baroque - was erected in the beginning of XVIII century. 

It is located on a high hill not far from the river Volga.

The architectural style of the church - baroque was extending in Russia 

at the end of XVII - beginning XVIII centuries.

The feature of these buildings is the combination of a red brick and 

limestone or white stone. From ancient times limestone in Russia was called 

white stone. Sometimes, to emphasize this contrast, the brick facades were 

painted red and limestone decor - white or pale yellow colour dense limewater.

First of all, it should be told about the unique limestone decor of the 

church. Every window is circled with an original ornament (Fig 1).

* R. Lobzova - petrographical investigation,

**I. Orlov - laboratory testing of main properties.
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Fig. 1. Experimental area of ultrasonic measurements 
on the Church of Nativity of Virgin in Nizhni Novgorod.

I and II places of sampling for laboratory investigation

Laboratory investigation

During the restoration of the roof some limestone cornice blocks having 

the through cracks and consequently unexploitable, were replaced. We selected 

too blocks Ne I and Ns II from the different parts of the comice (Fig. 1) and 

have obtained enough quantity of limestone for laboratory investigation.
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Studies of main properties of limestone were carried out on the samples of 

5x5x5 cm according RILEM norms. (Tab. I).

Table 1. Main properties of limestone 
from the Church of Nativity of Virgin in Nizhni Novgorod.

Water
absorption

[%]

Bulk density 
[kg/rrß]

Porosity
[%]

Ultrasonic
velocity
[km/s]

Block I 7,3 2150 15,8 3,2

Block II 8,8 2040 18,1 1,8

Additionally petrographical investigation two types of limestone were 

carried out. Limestone from the block II showed more high porosity and more 

degree of weathering.

I) II)

1 mm 1 mm

Fig.2. Structure of limestone with organogenic inclusions 

(from blocks I and II). Thin section, transmitted light, || nicols

Thus, we have obtained some information about main properties, structure and 

the value of ultrasonic velocity of limestone before its investigation in situ.
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Investigation in situ

For ultrasonic inspection the window in the deepening on the facade and near 

rainwater tube have chosen (Fig.l). Why have we chosen decor around this 

window?

1 point well known that materials in similar places are more vulnerable 

to atmospheric influence.

2 point, as we mentioned, in XIX and possibly in XVIII centuries, the 

decor was painted by dense limewater. We have found 1 or 2 coating layers on 

the decor and the original surface of the stone under these layers, excepting a 

small area with complete loss of the relief. Let's emphasize, it is not weathering 

of the surface, but fragment was lost, as a piece of a stone.

We have proposed that the stone on the different parts around the 

window could have a different degree of structure degradation, depending on 

the intensity of the atmospheric influence, for example of a rain.

The ultrasonic measurements were carried out more than in 30 points. 

The variations of ultrasonic velocity value are from 1,0 to 4,3 km/s. (Fig.3).

The first step of the analysis has shown that practically there is no dependence 

between the base of measurement and ultrasonic velocity. (Diagram 1). It has 

confirmed the initial suggestion, that the superficial erosion of the stone is 

absent.

Diagram 1. Statistical correlation between 
ultrasonic velocity and distance of measurements

Scatterplot (NEW STA 21v*32c) 
y=2,602+0,012'x+eps

«■ 3,5

distance (cm)
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Vavg = 3,3 Vavg= 2,2

Fig.3. Results of US-investigation (km/s) of the limestone decor 

on the Church of Nativity of Virgin in Nizhni Novgorod

On the other hand, it is clear from obtained the data, that the degradation 

degree of stone on the right part is much higher (Fig.2). The average velocity 

for the stone on the left part of the decor is 3,3 km/s, while for the right -
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2,2 km/s and the separate parts of the decor are lost completely. We think that 

this phenomenon is explained by the greater humidifying of the right part by 

rain and by smaller airing. In other words, the stone of the decor from the right 

part constantly has greater watercontent and, as result, more intensive frost 

deterioration, which is a dominant type of stone destruction in Russian climate.

Conclusion

The carried out investigations have shown that the process of structural 

degradation can occur in volume of limestone without weathering of its surface. 

The similar phenomenon is well known for marble sculptures.

These results are the first stage of the classification of a limestone 

degradation degree based on ultrasonic measurements. This classification can 

be used for evaluation of the risk of damage on the limestone objects. The 

similar classification we use for diagnostic of marble monuments.
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Training and education of restorers in Germany

Dr. M. Wilimzig, NIMBUS Partnerschaft, Germany

Introduction

The training and education of the restoring persons is as important as the usage of the right 

materials and methods. In Germany two ways are possible to get the title restorer.

First study at a university and second, training as a craftsman.

University restorer

The typical training at universities will be done in the institutes for building engineers, 

architects or at art schools. For example the technical university of Berlin. There the architect 

will listen to seminars about old buildings, beside the normal architectural education. The 

following table will show typical seminars for building engineers.

Study: Constructional engineer - repair of buildings

humidity in buildings Construction of old

buildings

building materials

sealing examples from buildings physical data

drying

around the beginning of

this century

safety concepts chemical data

damage of concrete and steel static concepts structure

concrete

corrosion of steel constructions stone walls operation and application

damage of wood wooden ceilings

of the materials

damage of roofs and the rebuilding massive ceilings

corrosion protection under heavy roof constructions

chemical attack

stair constructions

foundations

stair constructions
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Another possibility is the education at art schools / universities. For example at the art 

University of Dresden the students will learn the following themes which are shown in the 

next table. Admission of the university in possible after two years of practical education and 

the presentation of practical work.

Hochschule für Bildende Künste Dresden - Department for restoration

• scientific analysis methods
• development of strategies / concepts for conservation and restoration
• documentation
• research work
• art historic

• 2 years practical work in restoration 

areas
• paintings on textiles, wood, metal, paper,
• paintings on material combinations and constructions
• paintings on walls
• pictures
• picture plates

craftsmen restorer
The aim of a craftsmen restorer is different. Their ideal restoration is the removal of 

damaged parts and replace them with new materials but with old techniques. For example a 

rotten wood constructions. The university restorer might use different chemicals to put the 

damaged part in a useful condition, may be by using special wood chemicals. The craftsmen 

restorer would remove the damaged parts and interchange / exchange it by new wood with 

old techniques.

Training and Education ot Restorers in Germany 107



The training of craftsmen in Germany is shown in the next table.

1. school education
2. years apprentice including:

14 weeks learning in special teaching workshop 
320 hours vocational school

3. Geselle/journeyman
3-5 years practice

4. Meisterprüfung / master examination
5. Meister / master
6. able to open an own workshop, (this is guilty special for Germany)

The craftsman can go on with his education to get a restorer by joining different courses. For 

example he can join special courses at institutes like the German Center for Crafts and 

Cultural Heritage protection in Fulda, the craftsman centrum in Raesfeld, or at different 

craftsmen associations. After this training and an special examination at the craftsmen 

association he could call himself an „Restorator im Handwerk“ (craftsmen restorer). The next 

table will show the tropics of such a course.

Qualify: Master craftsman

Course with specific and non specific parts - 600 - 800 hours - examination by chamber of 

handicrafts

specific part (e.g. painters): non specific part: Examination in:

analysis of binding materials cultural heritage protection

philosophy

art-historic

analysis of pigments cultural heritage protection laws

(e.g. Charta of Venice)

material science

mixing of paints systematic of what to do inventory methods

painting techniques documentation documentation methods

restoration of paintings photography

for the specific part:

natural science

material science

restoring techniques

historic work techniques

cleaning methods
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If a craftsmen restorer wants to go on with his training he can join a lot of special courses for 

techniques and materials or for titles like „Fachbetrieb Denkmalpflege“ (special workshop for 

cultural heritage protection) which is given by the German Centre for Crafts and Cultural 

Heritage Protection. For this title he has to be qualified as a „Restaurator im Handwerk“, has 

to show different references of his work and has to install an operating management for his 

workshop. The following table shows the contents of such a operating management for 

craftsmen.

organisation of the 
company

orders regulation errors

duties advertising information about errors
responsibilities presentation of the company at the 

telephone
documentation

customer offer how to learn from errors
competitors order

control of the order 
changes in order 
ways of the order 
contract
time management
co-ordination of materials and work
bill
reminder

Such an operating management system is very useful for a craftsmen company because it 

organise a lot of administration work and will help the company to fulfil future aims. At the 

end the craftsmen should have more time for his practical work.

The operating management system can be used as a basis for an ISO 9000 certification.
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Study on the marble portals of Schloß Tirol, South Tyrol/Italy

Recheis, A. and Mirwald, P.W.
Inst. f. Mineralogie und Petrographie, Universität Innsbruck, Innrain 52, A-6020 Innsbruck

Schloß Tirol above Meran/South Tyrol is considered a key construction for the regional history 
since early medieval times. An interdisciplinary research project has been started aiming at an 
elucidation of the building history of the castle as well as finding a concept for its future use as a 
regional museum.

Two marble portals belong to the most prominent objects of the castle.
They are dated to the 12th century. A more precise dating, along with deciphering the iconography 
of the portals is one of the goals of the project. A recent study by Seebach [1] comes to the 
conclusion that
i) the different marble parts, some of which are spolics, may be attributed to different 
contemporary masters (e.g. from Lombardia),
ii) initially the portals were standing elsewhere in the castle.

Some of the open questions resulting from this hypothesis are:
• Are all parts of the portals made out of material from the nearby marble quarries of Laas?
• If not, were there other marble sources used at that time in that region?
• Have all parts experienced the same weathering history?

The present study started out with a detailed mapping of the portals. In combination with that an 
ultrasonic study of the portal materials has been undertaken. The measurements of the nearly 100 
different square stones, having sizes between 20 and 100 cm, yielded considerable differences in 
ultrasonic velocities ranging from 2500 m/s to 6500 m/s.

Possible explanations of these findings are:
• the different parts of the portals have been subjected to different weathering processes
• the marble materials come from different sources
• different static loads of the stones result in micro cracking of the materials and in a decrease 

of the sound velocities respectively

With respect to weathering, the rates for marble seem to be considerably dependent on the 
specific climate [2]. E.g. the rates between central Europe and mediterranean areas are believed to 
differ by a factor of five, which would correspond to a decrease of the sound velocity of 1000 m/s 
in 100 years and 200 m/s in 100 years respectively. Having in mind the very variable climate of 
the south alpine region, the climatic changes in the area of Meran cannot be evaluated sufficiently 
over the long period of 800 years. Thus, this approach gives only limited information on the 
above problem.
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Another way of elucidating the ultrasonic data may be provided by detailed multi-methodical 
analyses [3] including cathodeluminescence, trace element analysis, grain size distribution, 
isotope analysis etc. Such a data set will give a solid information on a chemical basis with regard 
to the origin of the materials. Currently small drill cores are taken from the valuable portal 
materials.

A further source of the decrease of sound velocities may be micro cracking of the materials due tc 
the static load. Pilot experiments on Laas marble in an endloading high pressure apparatus foi 
elucidating the effect of load on sound velocities are in preparation.

References:
[1] Seebach, G. (1995): Die romanischen Portale auf Burg Tirol - Eine bauhistorische Untersuchung. "Eines Fürster 
Traum" - Katalog zur Tiroler Landesausstellung 1995, 79-93.

[2] Köhler, W. (1993): Ultrasonic Investigations on Four Marble Tombs in the Old Northern and the Old Southerr 
Cemetery in Munich. Proceedings of the 3™ Eurocare-Euromarblc Workshop, Göteborg 1992, 95-109.

[3] Herz, N. & Waelkens, M. (1988): Classical Marble: Geochemistry, Technology, Trade. Series E: Applied 
Sciences - Vol. 153.
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Minutes of the Business Meeting

The business meeting was held at the National Board of Antiquities, Stockholm, Oct. 7, 1999. 
9 People attended the meeting:
Peter Mirwald, Clara Urzi, Michaela Monte, Helena Lindholm, Markus Wilimzig, Ulf 
Lindborg, Petros Koutsoukos, Christos Koutoyannis, Stefan Simon, Rolf Snethlage.

1) Next meeting in 2000
Several options have been discussed:
a) Vienna, organizer Johannes Weber
b) Göttingen or somewhere else in Germany, organiser Prof. Siegesmund.
c) Joint meeting with HERMES 30 month meeting, organiser Rolf Snethlage, if possible 
in Potsdam.
Decision has been made that Stefan Simon should ask Johannes Weber or Johannes 
Nimmrichter as soon as possible. If Johannes Weber should not be able to organise the 
meeting, Rolf Snethlage should next contact Prof. Siegesmund.

2) Exposure Programme
Boris Sizov raised the question of how measurements on the exposed marbles could be 
continued. Stefan Simon who executed the last measurements in 1993, estimated the costs for 
one round trip to roughly 15000 EUR. As a further possibility it has been discussed whether 
measurements could be combined with the yearly workshops. It was stressed that 
measurements should be done by the same person to ensure comparability. Measurements 
could also be carried out by a PhD-student. Financing of the travel costs and also of the 
annual workshops could be provided by Raffael Programme. Rolf Snethlage was asked to 
make the necessary inquiries.

3) Exchange with other groups
Regular contacts should be established to a COST group which is dealing with bending of 
marble claddings. The group was represented in the meeting by Jan Anders Brundin, Lisbeth 
Alnäs and Bent Grelk. The group includes researchers and SME’s from Skandinavia, Italy as 
well as from Germany and Austria, e.g. Prof. Tschegg from Vienna and Prof. Siegesmund 
from Göttingen. The project has just recently been retained by EC evaluation committee. Rolf 
Snethlage will exchange the address list and take care for mutual invitations.

4) Dissemination of results
The issue was raised by Markus Wilimzig. He as well as Helena Lindholm complained about 
the marginal number of participating restorers. Both stressed the language barrier between 
scientists and restorers; they suggested to put the workshop under special topics like laser 
cleaning, chemical and mechanical processes of deterioration etc. Rolf Snethlage said that not 
EUROMARBLE should invite restorers but restorers should want to take benefit of 
EUROMARBLE. Whereas it could be relatively easily managed to activate restorers on a

112 Euromarble



national scale (There are organisations of restorers in each country) a major problem exists 
how international attendance could be achieved. Peter Mirwald stressed the idea of writing 
state-of-the-art reviews which could be disseminated among restorers. Several possibilities 
concerning contacts and fundings were discussed, among them the European Restorers 
Organisation ENCORE (President Larsen, Denmark). However, a practical solution was not 
found and no decision has been made.

Stockholm, Oct. 8, 1999 

Rolf Snethlage

Appendix
During the conference dinner Rolf Snethlage explained his idea of presenting 
EUROMARBLE in a web site which should contain comprehensive state-of-the-art articles 
about different areas of marble conservation written by EUROMARBLE group members (as 
suggested during the business meeting).

The acceptance of the internet is steadily increasing- A web site could be a good mean to 
stimulate discussions between restorers and EUROMARBLE. The Homemann Institute, a 
department of the polytechnical university in Hildesheim/Germany, could be commissioned to 
overtake the technical details of a EUROMARBLE internet presentation. One of the main 
tasks of the Homemann Institute which has been recently founded is to bridge the gap 
between science and restorers. Homemann Institute will be present in EXPO 2000 in 
Hannover so that an international attention is secured. Rolf Snethlage has been entitled to 
establish first contacts.
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Participants

Lisbeth Alnäs
SINTEF Bygg och Miljöteknikk 
N-7465 Trondheim 
Norway

Julio Amorim 
Linnégatan 46a 
413 08 Göteborg

Misa Asp
National Heritage Board
Box 5405
114 84 Stockholm

Jan Anders Brundin 
Jananders Consulting AB 
Humlehusen Höja 3370 
262 93 Engelholm

Ragnhild Claesson 
University of Göteborg/
Applied Environmental Science 
Bastionsplatsen 2 
411 08 Göteborg

Rob Dunakin 
National Heritage Board/ 
Materials Science & Engineering 
Royal Institute of Technology 
100 44 Stockholm

Margareta Ekroth-Edebo 
University of Göteborg/
Applied Environmental Science 
Bastionsplatsen 2 
411 08 Göteborg

Elisabeth Fröberg 
Lövängsvägen 38 
187 30 Täby

Bent Grelk 
Ramböll 
Bredevej 2 
DK-2830 Virum 
Denmark

Hans-Erik Hansson 
National Heritage Board 
Box 5405 
11484 Stockholm

Benno Kathol 
SGK 
Box 670 
751 28 Uppsala

Dimitra G. Kanellopoulou 
ICEHT-FORTH 
PO Box 1414 
GR-26500 Patras 
Greece

Rebecka Kettunen 
University of Göteborg/
Applied Environmental Science 
Bastionsplatsen 2 
41108 Göteborg

Marie Klingspor 
Stenkonservatom Reinhold 
Storängskroken 2 
11542 Stockholm

Mathias Kocher
Bavarian State conservation office 
Hofgraben 4 
D-80539 München 
Germany
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Christos Kontoyannis
ICEHT-FORTH
POBox 1414
GR-26500 Patras
Greece

Peter W Mirwald
Inst, für Mineralogie und Petrographie 
Univ. Innsbruck Innrain 52
A-6020 Innsbruck
Austria

Petros G. Koutsoukos
FORTH-ICEHT
P.O.Box 1414
GR-26500 Patras
Greece

Miehelä Monte
CNR Centro Conservazione Opere d’Arte 
Via Monte d’Oro
1-00186 Roma
Italy

Daniel Kwiatkowski
Stenkonservatom Reinhold 
Storängskroken 2
11542 Stockholm

Franca Persia
ENEA INN-ART
S.P.Anguillarese 301
1-00060 S. Maria di Galeria (Roma)
Italy

Rikard Larsson
National Heritage Board
Box 5405
11484 Stockholm

Amo Recheis
Inst, für Mineralogie und Petrographie 
Univ. Innsbruck Innrain 52
A-6020 Innsbmck

Anne-Marie Lind
PL 1052 Limmerhult
43063 Hindås

Austria

David Rowcliffe

Ulf Lindborg
National Heritage Board
Box 5405
11484 Stockholm

Materials Science & Engineering
Royal Institute of Technology
10044 Stockholm

Torgny Sahlin
Göteborgs universitet

Helena Lindholm
Lindholm Restaurering AB 
Smedbodalsvägen 8
43331 Partille

Geovetarcentrum; geologi
Box 460
405 30 Göteborg

Stefan Simon
Maurits Lindström
Slåntunet 9
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D-82140 Olching
Germany
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National Heritage Board
Box 5405
11484 Stockholm

Boris Sizov
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107014 Moscow
Russia

Katarina Malaga-Starzek
Oorganisk miljökemi
Chalmers tekniska högskola 
och Göteborgs universitet
S-41296 Göteborg

Rolf Snethiage
Bavarian state conservation office 
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Lars Svensson 
Sh bygg 
Box 8106 
163 08 Spånga

Nikolaj Tolstoy 
Jacobson & Widmark 
181 83 Lidingö
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Instituto di Microbiologia, Tacolta di Scienze 
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Universita di Messina
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National Heritage Board 
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Euromarble Workshops
European meetings on the deterioration and 
conservation of marble. The series started in 1990 
under the framework of EUREKA EUROCARE.

1. Munich, Germany 1990

2. Messina, Italy 1991

3. Göteborg, Sweden 1992

4. Arles, France 1993

5. Innsbruck, Austria 1994

6. Suzdal, Russia 1995

7. Patras, Greece 1996

8. Rome, Italy 1997

9. Munich, Germany 1998

10. Stockholm, Sweden 1999


