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Preface

Air pollution and its consequences have been a central issue of the 
environmental debate in Sweden ever since the beginning of the 
1970s, only a long time was to pass before it was more widely noted 
that the cultural heritage, in the form of valuable buildings, archae
ological remains and cultural objects, could also be affected by air 
pollution. A very important part in this connection was played by 
the Ministerial Meeting of the Council of Europe in Granada in 
1985, at which the threat posed by air pollution was made one of 
the principal topics of discussion concerning the preservation of the 
European architectural heritage.

Air pollution questions had already been highlighted in Sweden’s 
preparations for the Granada meeting, and the meeting itself had a 
direct impact on Sweden in the form of a completely new commit
ment of the Swedish Government to an action programme to avert 
the threat which air pollution represented to the architectural and 
cultural heritage.

Much experience has been gained through the work done, under 
the direction of the Central Board of National Antiquities, since the 
first action programme was adopted in 1987. We have learnt more 
about the damage situation of different kinds of cultural objects, 
but we have also become aware of the complexity of causal rela
tions where the degradation of different materials is concerned. In 
addition, we have become convinced that we have a lot to learn 
from experience and scientific development in other countries and 
that international co-operation is just as vital for averting threats to 
the cultural heritage as in environmental work generally.

As part of an international exchange of experience, this report 
sets out to show how work has been organised and what results 
have been achieved hitherto. We hope that the report will lead to 
new contacts and a fruitful discussion with colleagues in other 
countries. At the same time I would like to thank the authors of the 
report for finding the time and energy, in the midst of their duties 
of inventory, conservation and development, to summarise their 
experiences and to draw conclusions of relevance for the future.

Stockholm, March 1992

Margareta Biörnstad



Comment of the editor

The present book is the result of contributions from virtually all 
persons in the Central Board of National Antiquities, who have 
been working with the questions concerned.

The manuscript has been used as a substancial part of the infor
mation given to an international group for evaluation of the work 
done during the first three years of the work on deterioration of the 
cultural heritage and the influence of air pollution and other fac
tors. The report of this evaluation is added as an appendix.
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Introduction
Ulf Lindborg

During the 1980s the realisation gradually spread in Sweden that 
air pollution was a potential threat to the cultural heritage. Con
servators and heritage conservationists observed increasing damage 
to stone decorations, bronze sculptures and stained glass, and this 
situation was attributed to air pollution, a diagnosis confirmed by 
international contacts (1). In 1987 the Central Board of National 
Antiquities drew up an action programme for measures to stem the 
harmful effects of air pollution on the cultural heritage and arti
facts (2). That programme resulted in the Central Board receiving 
State funding of about MSEK 10 annually for the fiscal years 
1988/89, 1989/90 and 1990/91. In addition, special research 
funding was received at a rate of some MSEK 1.5 annually. Contin
uing work in this field for the three-year period between 1991/92 
and 1993/94 forms the subject of a new action plan (3).

This book describes the main results achieved during the first 
three years, viz 1988-1991.

Points of departure

In the action programme (2) it was noted that not enough was 
known about the damage situation of different types of historic 
building and museum exhibit in Sweden. The scattered observa
tions made for various types of object suggested a massive threat, 
but the extent of the problem was unclear. It was also observed that 
not enough was known about the causes and ongoing effects of the 
degradation process. Sulphur dioxide in the air had been identified 
as an important chemical cause of degradation. It was perceived 
that the course of the process was influenced by a host of inter
acting chemical, biological and mechanical factors. Emission re
strictions had a crucial bearing on curbing the destruction. Damage 
to the architectural heritage and individual artifacts had assumed 
such proportions that immediate rescue measures were needed for 
the most gravely threatened monuments.
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Inputs

An inventory project was inaugurated which included both general 
surveys of material and in-depth inventories. The plan was for the 
bulk of this inventory work to be done during the first year.

On the subject of emission restrictions, it was decided to co-op
erate with the Swedish Environment Protection Board and with 
local authorities: We jointly conduct environmental measurements 
of special importance for the preservation and care of the architec
tural heritage and artifacts.

Measures of protection and conservation were systematically 
planned for monuments now threatened with rapid destruction. 
Special attention was paid to the following groups ofmonuments: 
medieval faęade sculptures of sandstone, faęade sculptures from 
the Renaissance and Baroque, and medieval stained glass. The fol
lowing groups of objects were also proposed for treatment after 
more detailed inventory: sculptures of bronze and other metals, 
structures of wrought and cast iron, and rock carvings, picture 
stones and runestones. The measures taken, from diagnosis to com
pleted treatment, were to be systematically documented. It was an
ticipated that protection and conservation measures would be 
gradually stepped up during the three-year period.

Importance was attached to intensifying research and develop
ment activities, and measures were proposed for the closer investi
gation of degradation processes. Methods of documentation and 
analysis were to be developed, as well as new conservation 
methods. It was assumed that research would be undertaken by a 
variety of institutions. The Central Board of National Antiquities 
and the National Historical Museums would need additional 
funding for follow-up, co-ordination and information purposes. In 
addition, there would have to be a review of educational needs at 
national level with regard to degradation, conservation and care.

Results

The inventory has gradually clarified the damage situation for 
several types of object. Most headway has been made concerning 
runestones, nearly all the 1,100 or so most valuable of which have 
been examined. Listing and describing Sweden’s runestones is an 
ancient tradition with the Central Board, dating back to the 17th 
century, and so for this purpose there was a pre-existing structure 
which could be supplemented with data for the surrounding envi
ronment, stone materials and damage. Extensive damage occurs,
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even though most runestones are of granite or other bedrock mate
rials.

Partial inventories have been compiled for objects of other kinds, 
such as rock carvings, stone sculptures, bronze sculptures and 
entire buildings of stone. There was little pre-existing structure for 
describing stocks of this kind in Sweden. The objects themselves are 
very numerous and not easy to segregate. The damage occurring to 
an entire building is more complicated to describe than the damage 
to a runestone. A great deal of work has been put into hammering 
out the working methodology for describing the type and extent of 
damage and describing the environmental situation around each 
object. Field cards and nomenclature for damage descriptions now 
exist in preliminary form.

The biggest inventory input during 1992 is a nationwide in
ventory of the status of stone in buildings of historic interest.

Emissions

Closer attention than previously has been made to focus on the ef
fects of vehicular traffic. We have made the preliminary observa
tion that runestones beside busy roads are more severely damaged 
than those occupying other positions. The booklet Bilavgaser och 
kulturminnen (4) deals with the impact of traffic. Samples taken 
from Riddarholm Church, close to the busy Centralbron bridge in 
Stockholm, have revealed no fewer than about ninety different or
ganic substances. Solid particles from exhaust fumes, tyre debris, 
road salt and other road dirt can in various ways accelerate degra
dation, especially in the case of porous materials like sandstone and 
limestone. Particle coatings can clog pores and in this way impede 
water transport. If the material absorbs water in damp weather, 
then it will dry out more slowly afterwards than material without 
accretions. A long wet time probably aggravates the corrosion of 
stone, just as it aggravates the corrosion of metal.

Protection and conservation

Roughly half the available funding has been devoted to conserva
tion measures, with special emphasis on stone objects, particularly 
carved stone in portals and faęade decorations. The original action 
programme (2) has to a great extent been complied with. The
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Fig. 1. Portal of Tidö castle (17tb century) before conservation. The black 
discoloration mainly consists of a gypsum crust. Photo G. Öhrström.

object involving the heaviest expenditure is Tidö Castle in Väst
manland, Axel Oxenstierna’s 17th century castle, where all the 
splendid portals of Gotland sandstone have been conserved. A lot 
of money has also been spent on medieval stained glass and on 
runestones and bronze sculptures. Figs. 1 and 2.

All the various objects, except for the stained glass, have been 
conserved in Sweden. Sweden having relatively little medieval 
stained glass, on this subject we contacted stained glass conserva
tion experts in Munich and decided that engaging German experts
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Fig. 2. Portal ofTidü castle after conservation in 1988. Photo B.A. Lund
berg.

would be more sensible than building up our own conservation 
know-how in this field.

Wrought and cast iron structures have not yet been conserved 
under the programme, for lack of a damage inventory. Conserva
tion measures for rock carvings have also been deferred, in the ab
sence of a suitable conservation method. Instead efforts have been 
made to protect carvings by partly roofing over the areas which 
they occupy. The experience thus gained, however, suggests that the 
drawbacks of this kind of shelter can outweigh its benefits.
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Research and development

The main focus of attention has been on the degradation of porous 
sedimentary rocks such as limestone and sandstone. Resistance 
varies a great deal, even from one point to another in the same 
block of stone. The chemistry, geology and building materials de
partments of most Swedish universities are taking part, as well as 
the Institute of Conservation in Göteborg. In addition, major sur
veys have been commissioned from the Swedish Corrosion Insti
tute, the Institute for Surface Chemistry, the Swedish National In
stitute for Building Research and the Swedish Environmental Re
search Institute. Botanical aspects have also been taken into ac
count, so as to shed light on the problems of lichen on Gotland 
churches and rock carvings. For consultations on research ques
tions, a reference group has been set up consisting of represen
tatives of universities, research institutes and the Central Board.

Where bronze sculptures are concerned, we have now come to 
the conclusion that the damage, almost invariably, is very superfi
cial. Often very gentle protective treatment is all that is needed for 
the preservation of these sculptures. Measurements of the effects of 
air pollution inside museums suggest that only minor quantities of 
outdoor pollutants are getting into the buildings. Instead it is self
generated pollution from chipboard and other furnishing materials 
which constitute a potential danger.

Education

The programme has inspired several institutions to introduce edu
cational programmes of varying duration. The Central Board has 
contributed extensive teaching resources in this connection.

The University of Göteborg has adapted the focus of its conser
vator education in response to the growing need for conservators 
under the programme. Six persons have completed a three-year 
training programme for stone conservators. The University has also 
arranged special courses for practising conservators, dealing with 
the effects of air pollution. These activities have been partly funded 
by the Nordic Council.

Gotland College has given one-term courses in restoration tech
nology for antiquarians, structural engineers and other categories.

The Royal Swedish Academy of Engineering Sciences held a 
widely observed two-day seminar on aspects of air pollution, partly 
with a view to disseminating experience from work on the objects
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of outstanding historic interest to the renovation of buildings gen 
erally.

Information

There has been a substantial growth of general awareness con
cerning the role of air pollution in the disintegration of the archi
tectural heritage. This applies both to politicians and to the general 
public.

Activities under the programme have received coverage from 
television and from the national and provincial press. The exhi
bition “Air Attack” created by the Museum of National Antiquities 
has gone on tour to Visby, Göteborg, Helsinki, Trondheim, Bergen, 
Tallinn, the Hague, London and Krakow, disseminating knowledge 
concerning the threats posed by air pollution to the architectural 
heritage. In conjunction with the official opening of the exhibi
tions, seminars have been arranged with lecturers from Sweden and 
the various host countries. We have also contributed lectures to 
several major European conferences. Results are published mainly 
in Konserveringstekniska Studier (Swedish Conservation Studies).

Resources

Our aim has been to decentralise the performance of our various 
tasks. County museums and county administrative boards are 
playing an active part in the work of inventory, private conser
vation firms are doing about half the conservation work and uni
versities and research institutes are conducting most of the re
search. To achieve good results, it has also been necessary to 
strengthen the central activities represented by the Conservation In
stitute (RIK) at the Central Board of National Antiquities and the 
National History Museums. Within the Central Board, the 
Architectural and Archaeological Departments are taking part, as 
well as RIK. This work requires competence in conservation tech
niques, art history, architectural history, archaeology, technology 
and natural science. Five persons with doctorates in chemistry, ge
ology and materials science have been appointed. In addition, new 
laboratory facilities have been built for stone conservation and ap
paratus installed. One important result of the programme is the es
tablishment of a powerful centre of interdisciplinary competence in 
the arts and sciences, in the form of a network centering on RIK.
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Structure of this book

We have composed this book with reference to different types of 
object, describing the organisation of work and some of the main 
results achieved for each of the various types. Thus the initial parts 
of the book deal with the most important types of stone object. 
These are followed by chapters dealing with unexcavated objects in 
soil, objects indoors (e.g. in museums), stained glass in churches, 
and bronze sculptures.

Certain general measures taken, not being related to a particular 
type of object, are not reported here. This applies to the inquiry 
into the effects of traffic, a report on which has been published sep
arately (4). It also applies to the extensive work relating to method
ology for the digital storage of text and images.

All the various types of object dealt with are of inorganic materi
als. Organic materials too are affected by air pollution. A parallel 
programme, dealing with the degradation of paper, is in progress at 
the Swedish National Archives. On the subject of textiles, initial in
vestigations have been carried out at the Central Board and in 
future we expect to be intensifying our work on this type of mate
rial.
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Weathering of stone
Runo Löfvendahl

Chemical weathering

All rocks disintegrate under natural atmospheric conditions. 
Weathering speeds vary considerably, from extremely resistant 
quartzites (made up of the mineral quartz) to very soluble salt de
posits. All minerals are, at least to some extent, soluble in water, 
from the unreactive mineral quartz to highly soluble minerals like 
gypsum or halite salt (Table 1). Natural water, however, is far from 
distilled, and so the table below must be comprehended as a rough 
approximation. Water in its natural state contains a large number 
of dissolved components and particles as well. Therefore, in nature 
minerals are not only dissolved, but also react to form new miner- 
alphases. Thus feldspars are transformed to various clay minerals, 
such as kaolinite.

Table 1: Solubility of minerals in pure water, 2SC.

Mineral Formula Solubility g/lit. Source
Potassium feldspar KAIShOs 0.8 x 10~4 1
Albite (Na-feldspar) NaAlSisOs 1.6 x 10"4 1
Anortite (Ca-feldspar) CaAliSiiOg 5.0 x 10"4 2
Calcite CaCOs 1.4 x 10'2 1
Gypsum CaS04 x 2HzO 2.4 1
Halite (common salt) NaCl 357 1
Potassium nitrate (saltpetre) KNCq 2810 3

Sources: (1) Berner (1978), (2) Estimated value, (3) Weast (1976).

Important factors influencing the solubility of minerals in natural 
water include carbon dioxide and oxygen. The latter is a powerful 
oxidant which, in the presence of water, converts dead organic ma
terial to carbon dioxide, among other things, and metallic sul
phides to sulphate. High concentrations of carbon dioxide/increase 
the solubility of most rock-forming minerals, that of calcite being 
particularly important. Under natural conditions at the earth’s 
surface, minerals follow a weathering scheme (Stumm and Morgan
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1981) which shows the order in which they are dissolved and trans
formed (Table 2).

Table 2: Mineral weathering sequence (with weathering increasing in 
the direction of the arrow).

Mineral Formula

Hematite FeiOs
Kaolinite (clay mineral) Al2Si205(0H)4
Muscovite KAl3Si3Oio(OH)2
Quartz SiOz
Albite (Na- feldspar) NaAlSi3Os
Potassium feldspar KAlSi3Ojj
Anortite (Ca-feldspar) CaA^SiiOg
Calcite CaC03 1 r

The main reason for mineral weathering is that conditions at the 
earth’s surface differ from conditions where they were formed; they 
are thermodynamically unstable. Many minerals were formed at 
high pressures and temperatures. When, as a result of geological 
transfer, rocks enter new environments, they disintegrate or are 
converted to other mineral phases, frequently clay minerals. This 
process is perfectly natural and has been going on for as long as we 
have had a oxygenated atmosphere with free water on Earth. Most 
rocks contain several different minerals with different resistance to 
weathering. As a result, rock surfaces undergo selective dissolu
tion/weathering, the less resistant minerals disappearing fastest, 
only leaving a small pit behind, while resistant ones remain. The 
stone materials worked and used are widely diverse. We distinguish 
between igneous rocks (formed from molten fluid, magma), sedi
mentary ones (which have hardened from loose sediments) and 
metamorphic ones (converted from the first two as a result of in
creased pressure and temperature). Rock metamorphosis includes, 
for example:

granite-------> gneissic granite-------> gneiss
sandstone------ > quartzite
marlstone------ > limestone-------> marble

Sedimentary rocks such as limestones or calcareous sandstones are 
a good deal more prone to dissolution/weathering than pure silicate 
rocks like granites or pure sandstones. A granite, however, consists 
of several different minerals, mainly quartz, potassium feldspar, 
plagioclase and micas. Because these weather at different rates 
(Table 2), an initially smooth (e.g. glacially worked) surface will in
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time become rougher; its specific area increases. The result is a con
tinuously accelerating weathering and degradation.

Weathering is an exceedingly complex concept, divided tradi
tionally into physical, chemical and biological weathering. It is 
often hard to tell which type predominates in stone materials. Fre
quently what we see is the result of a combination or succession of 
these main types. The type we have already discussed is chemical, 
in the form of solubility in water. Solubility, as stated earlier, is a 
purely theoretical concept referring to distilled water. For highly 
soluble minerals, rain exposure is crucially important. Gypsum 
crusts frequently form on highly calcarious rocks. These become 
permanent in rain shadow while surfaces exposed to rain are 
washed clean, gypsum being highly soluble (Table 1).

Physical weathering

This type includes many different processes resulting in exfoliation, 
salt weathering, cracking as a result of varying thermal expansion, 
detachment due to crystallisation pressure and so on. Sedimentary 
rocks are frequently stratified (i.e. have bedding planes). These may 
consist of clay minerals, calcite or other easily weathered material, 
after which the stone disintegrates. Frost weathering is a common 
and troublesome problem at our latitudes, with the temperature 
fluctuating around the freezing point of water for a large part of the 
year. At freezing point, the conversion of water into ice augments 
its volume by about 10%. When this happens, rocks which are 
more or less completely filled with moisture are liable to break be
cause the gluing matrix will disintegrate. Temperature fluctuations 
and variations in relative humidity frequently give rise to phase 
transitions between salts with different quantities of crystal water 
(and thus occupying different volumes). These transitions cause 
variations of crystal pressure which can burst the rock.

Biological weathering

This term refers to attack/degradation through physical and 
chemical influence of vegetation and bacteria. Plants generate a va
riety of chemical substances. Lichens, for example, secrete lichen 
acids, which attack the stone and extract nutrients necessary for 
lichen growth. These processes attack the surface and augment its 
relief, which facilitates and accelerates subsequent weathering. 
Other processes such as swelling/shrivelling in connection with the
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absorption/desorption of water and root bursting can also be im
portant. Biological colonisation of the stone surface frequently con
forms to a certain succession, beginning with bacteria (which are 
always present in stone material), continuing with algae and lichens 
and concluding with moss and plants, which retain degraded 
matter and trap flying particles. This eventually results in the for
mation of a continuous layer of soil. Biological colonisation is 
heavily dependent on moisture and occurs mainly on the north side 
of buildings or in the shade of trees.

Anthropogenic influence

In addition to the processes which have now been described, both 
direct and indirect anthropogenic influence is also involved. The 
quality of the stone used can vary a great deal, which means 
variable resistance to weathering. Inappropriate quarrying and 
dressing can be directly damaging to the stone, which also impairs 
its resistance to weathering. Changed or inappropriate compressive 
load is an important cause of cracking. Brutal cleaning methods 
(using strong acids or bases) attack and weaken the stone material. 
Unsuitable surface treatment methods (inappropriate painting, 
shoddy conservation) can make the stone surface excessively im
pervious, trapping saline solutions which, when concentrated, are 
precipitated as salts, causing the surface layer to flake and exfo
liate. Stone in direct contact with groundwater or surface water can 
absorb water by capillary suction for several metres, which fre
quently causes secondary damage. Absence of drainage and/or de
ficient runoff is a very important cause of extensive water uptake in 
stone, with degradation as a result. Deficient and inappropriate 
maintenance is a principal cause promoting and accelerating 
weathering and destruction.

During the industrial era, the discussed more or less natural pro
cesses have been joined by man’s pollution of the environment, 
above all through emissions of polluting gases like SO2, NOx, O3 
and CO2, as well as particles (e.g. soot and fly-ash) into the atmo
sphere. These gases, or their conversion products after reaction 
with water, are adsorbed by stone surfaces. Further reactions lead 
to transformations and attack on the stone, accelerating its decay. 
Another consequence of the dissemination of these mainly acidi
fying components through the atmosphere is the acidification of 
surface and groundwater and soil. This can be harmful to rock 
carvings and archaeological remains in the soil. Another factor not 
to be neglected is the use of road salt (NaCl) which eventually dis
solves and ends up in the groundwater.
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The state of national research

What was known about the status of building stone in Scandinavia 
at mid-year 1988? The general question had been discussed at a 
symposium in Rome in October 1986 (see Rosvall and Aleby 
1988). The alarming situation was underlined by the exhibition 
“Luftangrepp” (“Air Attack”) at the National Museum of Na
tional Antiquities, Stockholm, in the autumn of 1987. A briefing on 
the situation in Sweden and Scandinavia was presented at the 
Rome meeting in 1986 (see Andersson 1988). Andersson earlier 
(1985) reported on damage and conservation work in the churches 
of Gotland. Materials and damage were thoroughly documented at 
the Cathedral Well, Göteborg, during the second half of the 1980s 
(Lindqvist et al. 1988).

Exposure of stone materials (both Swedish and German rocks) in 
urban and rural environments in Europe (Kucera 1985) showed the 
pollution and degradation situation at an extremely exposed site in 
Stockholm to resemble that in other European cities like London, 
Rome, Cologne and Venice. Conditions in a rural environment 
(Floda in Södermanland) were a good deal better than elsewhere in 
Europe; in fact, this site was the cleanest in the entire exposure 
study. Documentation, mainly derived from comparisons of old 
and new photographs (Andersson 1988), indicated a very rapid 
degradation in urban environment since the 1950s, especially when 
Gotland sandstone and various types of limestone were concerned. 
For runestones and rock carvings as well, there seemed to be an ac
celerating degradation. The effects on stone materials of the air pol
lution gas S02, both on its own and in conjunction with NO,, had 
been studied in a laboratory environment at the Department of In
organic Chemistry, Chalmers University of Technology, Göteborg, 
since the mid-1980s (Johansson et al. 1988). The results indicated 
strong uptake of SO, in marble surfaces in the presence of N02. 
The latter was acting as a catalyst for SO, uptake, which is thereby 
multiplied. This result may have palpable consequences for the 
weathering of stone in polluted environments.
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Rock carvings
Ulf Bertilsson and Runo Löfvendahl

Background

A general inventory and documentation of rock carvings was 
begun by the Central Board of National Antiquities (U. Bertilsson) 
in the summer of 1989, financed by the Air Pollution Project, indi
cations having existed for some years of weathering and change in 
the rock carvings of the Tanum area, Bohuslän (especially Aspeber- 
get). This inventory is based on documentation cards entered into 
the computer register at the Central Board of National Antiquities. 
The intention is to create a dataset which will provide a basis for 
future comparisons but will also be the first step in a characteri
zation and deeper investigation of the most seriously damaged 
carving surfaces. The register will also provide input data for 
various preservation measures. The main sites discussed in the text 
have been plotted on the map which follows (Fig. 3). Excerpts of 
earlier documentation are also regularly included in the inventory. 
Comparisons of photo details documented on different occasions 
indicate the usefulness of the method for defining changes and 
damage. The main problem is the lack of earlier close-up pho
tographs of acceptable quality. Generally speaking, the current in
ventory indicates that more than 60% of the sites investigated 
show weathering/degradation of different kinds.

Inventory/documentation

Rock carvings occur on all types of rock, from pure limestone on 
the island of Gotland to pure quartzite in Österlen, Skåne (the Sim
rishamn region). Granite is the dominant rock in the Bohuslän 
carving region. Both in the Östergötland rock-carving region (near 
Norrköping) and in the Enköping area, Uppland gneiss rocks and 
gneissic granites predominate. These three regions have about 
5,500 rock-carving sites with a total of 90,000 individual carved 
figures. More than 50% of the sites are located in Bohuslän. For
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Fig. 3. Rock-carving sites discussed in the text. Illustration A. Säfström.

the past decade the general impression has been one of accelerating 
degradation/weathering at many rock-carving sites. The carvings at 
Aspeberget, Tanum, are one example of a site where palpable 
changes have been observed. The same goes for Torp in Kville, 
where parts of the rock surface have disintegrated into gravel. An
other carving found to be considerably damaged at the time of the 
general survey is Massleberg in Skee, with extensive exfoliation 
damage. Comparisons with earlier data in the Register of Archaeo-
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logical Remains suggest that damage is more frequent today than at 
the time of the earlier documentation (Table 3) in the 1950s and 
1960s. Although it is the rock carvings of Bohuslän which have 
been studied most intensively, partial inventories have also been 
made of other areas. The rock-carving area west of Norrköping has 
become a subject of prime concern in connection with the building 
of a new stretch of the E4 motorway. An inventory along the new 
stretch has revealed a number of previously unknown sites. The 
rocks in this area are granites and gneissic granites, together with 
metamorphic sediments, mainly mica schists (Kornfält 1975). 
These rocks are predominantly fissured and highly heterogeneous. 
Several carvings located near the old stretch of the road reveal dis
tinct destruction.

Table 3: Frequency of damage, rock carvings; earlier and new documen
tation.

Earlier inventory Additional inventory
Region Carvings Weathering Carvings Weathering

listed, % damage,% listed, % damage,%

N Bohuslän 100 =30 =10 =74
SW Uppland 100 =20 =5 =87
Norrköping area 100 =25 =25 =91

Data from Backlund and Bertilsson (MS).

In the Norrköping area a detailed investigation is planned which 
will include environmental measurements (precipitation, dry de
position) in association with the Department of Geology and Geo
chemistry, Stockholm University, starting in the autumn of 1991.

A renewed inventory of the SW Uppland rock-carving region 
also appears to suggest an elevated frequency of destruction com
pared with previous documentation (Table 3). The bedrock in this 
region is dominated by granitoid rocks and metamorphic sedi
ments, such as mica gneisses and mica schists (Stålhös 1974).

Isolated carvings in other regions are also heavily damaged. The 
largest rock carving in Gotland is at Hägvide, east of Lärbro (Fig. 
4). Discovered and cleared in 1910, it is executed in a grey, heavily 
fossiliferous limestone (from the so-called Slite bed). The state of 
this carving is pathetic. It was originally executed on a stone sur
face heavily ground and striated by the inland ice. Since it was un
covered it has suffered a great deal of weathering, mainly in the 
form of exfoliation of decimetre-square patches. The chemical 
weathering of calcite is also destructing the surface relatively
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Fig. 4. The Hägvide (Gotland) limestone rock carving. Heavy selective 
weathering, exfoliation and cavities in the rock filled with dried soil. Pho
to, July 1991, B.A. Lundberg.

rapidly. Parts of the rock are below the level of the surrounding 
arable/grazing land, with the result that surface water is channelled 
over it in rainy periods. This also results in a great deal of soil and 
other debris being deposited on the surface of the rock. There is a 
serious risk of the rock carving being completely destroyed within 
a decade or so if nothing is done to it.

A highly detailed carving at Evenstorp in Sundals-Ryr, in the 
south of Dalsland, is rapidly disintegrated. This carving again is lo
cated on arable land (Fig. 5). The rock here is a gneissic granite. 
The main problem is that a fair portion of the carving is detached 
from the substrate. Only peripheral sections of the carving are held 
firmly in position. Water and biological activity are continuously 
undermining the remaining support, hence, this part of the carving 
can come away from the solid rock at any moment.

Rock carvings at Möckleryd and Svanhalla in Blekinge, 
Hästholmen in Östergötland and Släbro near Nyköping, Söder
manland, all display serious exfoliation damage, in many cases of 
recent date.
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Fig. 5. The granite rock carving at Evenstorp, Dalsland. Image size 5x4 
dm approx. Large exfoliated area surrounded by concentric air-pocket 
area. Photo, April 1990, G. Hildebrand.

On the other hand there are still carvings which are quite unaf
fected by the destructive forces of nature. These include, for ex
ample, Possum and Vitlycke in northern Bohuslän (on granite), the 
rock-carving area at Plögsbyn in Dalsland (calcareous shale) and 
the carvings in the Österlen region of Skåne (quartzite).

The inventory/documentation which has now been started 
comprises (mid-199f) some 500 rock-carving sites and fewer than 
ten rock paintings.
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Detailed description of damage

Together with the Registry of Archaeological Remains at the 
Central Board of National Antiquities (RAÄ), the stone de
partment of RAÄ/RIK has started a detailed documentation and 
damage-description of five rock-carving sites in northern Bohuslän, 
viz Aspeberget, Hamn, Hede, Massleberg and Valla Östergård. All 
these carvings are located in the Bohus granite region and can be 
dated to the Bronze Age. They have all been known at least since 
the beginning of the 19th century. A conspectus of the sites will be 
found in Table 4.

Table 4: Bohuslän rock-carving sites documented in detail.

Site Map sheet, 
grid ref.

Metres
asl.

Exp.
direction

Damage type

Hamn, Kville 9A.0h 20 S Selective weathering, 
exfoliation, discoloration

Hede 9A.0i 50 S Selective weathering
V. Östergård 8A.7i 45 E-SE Exfoliation, discoloration
Aspeberget 9A.3i 25 N-NE Selective weathering, 

fissure growth
Massleberg 9A.9i 40 N Exfoliation, discoloration

The documentation comprises the following stages: photographic 
documentation (general and detailed), geological documentation 
(rocks, surface structure, fissure systems and surface damage), bio
logical documentation (algae, lichens, mosses), and chemical/geo
chemical sampling (bedrock and water sampling). Various types of 
photographic documentation were tested (Bruxe 1990). General 
photography from two different platforms (dumper and sky-lift) 
proved superior in several ways to photography from ground level. 
In the latter instance the various component pictures could not be 
adequately joined into a single unit, owing to distortions of angle 
and surface in various sections of the uneven rock surface. Besides, 
photography from above ground greatly reduces the cost of field 
work and subsequent laboratory work. In addition, during 1991, a 
photographic mosaic was produced of the Aspeberget carvings.

At all these sites (except Hede), the surfaces of the carvings have 
been cleaned and the figures painted in. These two operations are 
now being performed without aggressive chemicals and with the 
gentlest possible paints (Bengtsson 1991). Previously, very strong 
chemicals, such as chloride of lime, halite or caustic soda were used
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Fig. 6. Rock surface adjoining the carving, Valla Östergård, Bohuslän. 
Black trickle path with surrounding lichen growth. Photo B.A. Lundberg.

intermittently for the removal of lichens, especially between 1930 
and 1950 (Fredsjö 1971). For painting, water-based paints were 
generally used. During the 1970s, dense epoxy paints became pop
ular instead and were also used for painting in the surfaces of carv
ings, because they were expected to be very durable. They proved, 
however, to be very harmful to the stone substrateum, being too 
compact to allow moisture transport. An excellent breeding envi
ronment beneath the painted surface developed for organic activity, 
leading to a weakening of the stone matrix. As a result, when the 
paint began to scale off, stone material etc. went with it.

The biological (lichenological) documentation of the rock 
carvings (Tibell 1990) showed their surfaces to be invaded by 
lichens. Cleaning does not remove all the lichen bodies, and so re
colonisation is quite rapid. The dominant lichen families on granite 
surfaces are Aspicilia, Lecanora and Rhizocarpon. The geological 
investigations (Eliasson 1991 and verbal reports) show glacial stri- 
ation or traces of the same to be present on all five carving surfaces, 
the rock faces having been completely transformed by the inland 
ice. The commonest forms of weathering are relief erosion, exfoli
ation and Assuring. Where water runs frequently trickle paths, dark 
discoloration of algae etc. occurs (see Fig. 6). The investigation of
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Fig. 7. Shelter constructed in the summer of 1989 over the rock carving at 
Aspeberget, Tanum. Photo, May 1991, G. Hildebrand.

the Aspeberget rock carving has made most headway and resulted 
in a manuscript (Löfvendahl et ah, MS). As the result of a local ini
tiative, the central carved surface, measuring 6x4 metres, was 
covered in the summer of 1989 with a protective roof to shelter 
part of the carved surfaces (Fig. 7). The biological documentation 
of Aspeberget (Tibell 1990) shows a substantial change in the envi
ronment beneath the protective roof. The geological mapping 
(Eliasson 1991) shows the carved surface to consist mainly of 
medium-grained granite. Parts of the glacially formed surface are 
intact, with glacial striations. In some sections, though, there are 
millimetre-thin exfoliated patches up to one decimetre square. Fis
sures of different kinds transverse the surface, often growing later
ally as a result of pieces becoming detached from the edge. The fis
sures widen rapidly, especially if soil and vegetation are allowed to 
take hold.

Some sections were photographed in detail in 1938 by C.-F. 
Claesson and S. Jansson with the aid of artificial lighting. These 
areas were photographed under as identical conditions as possible 
in the summer of 1991, by B. Fundberg and G. Hildebrand of 
RAÄ/RIK (Figs. 8a and b). The photographs show the surface relief 
to have changed and increased between the two photograph dates,

28



Fig. 8a and b. Ploughing scene, the rock carving at Aspeberget. Photo a 
C.F. Claesson, taken by artificial light in 1938; photo b B.A. Lundberg and 
G. Hildebrand, taken under similar conditions in 1991. At the bottom of 
the figure, intervening weathering has made the figure of the man less dis
tinct.

parts of the carved surface, for example, having become less dis
tinct. The same carving includes a number of other parts which 
have undergone similar changes.

Chemical measurements (pH, conductivity) and sampling of pre
cipitation and surface water have been carried out since the New 
Year 1990 by L. Bengtsson of Vitlyckc Museum. The conductivity 
of precipitation is in the region of 70 pS/cm, with pH values of 
3.3-4.3. The composition of the surface water varies a great deal 
on the surface of the rock. Near the protective roof, the water has 
not been appreciably buffered in relation to the precipitation and 
has a pH of 3.7-4.9, with a conductivity in the region of 200 
pS/cm. Some 15 metres to one side, however, the pH is more 
normal, viz 5.1-6.3. This suggests that buffering capacity may be 
locally exhausted in the loose, superficial soil strata, which in 
western Sweden are very thin. Preliminary chemical analyses 
(Mörth 1991) indicate very high concentrations of sulphate and 
oxalate in the surface. The chemical investigations will be ex
panded, in an attempt to distinguish between dry and wet deposi-
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Fig. 9. Setting out test squares for measuring dry deposition, Aspeberget. 
Photo G. Hildebrand.

tion. The magnitude and composition of dry deposition, in partic
ular, are very inadequately known but may be of very great conse
quence to rock surfaces in rain shadow. For this reason, test areas 
have been screened off on the rock (Fig. 9). In addition, thermohy- 
grographs in Stevenson screens have been set up outside and inside 
the protective roof, and a precipitation gauge has been installed at 
Vitlycke Museum.

Laboratory studies

A number of laboratory studies partly or wholly financed by 
RAÄ/RIK have been initiated in connection with these studies. The 
weathering and dissolution of feldspars in water solutions is 
studied at the Department of Geology and Geochemistry, 
Stockholm University (Sjöberg 1991). These experiments show that 
both acid and basic conditions substantially augment degradation. 
Accompanying studies of the residual surfaces of weathered speci
mens, at the SIMS Laboratory of the Chalmers University of Tech
nology, Göteborg, show them to be enriched in silicon but depleted
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of alkaline elements. At the Department of Inorganic Chemistry, 
Chalmers University of Technology, Göteborg, studies of gas ad
sorption on mica surfaces (Elfving 1990-91) have led to the conclu
sion that SO2 alone is absorbed in fairly small quantities. Heavy 
concentrations of NO2 and O3, however, substantially augment the 
suphur adsorption, very much as in the case of marble (Johansson 
et. at., 1988; Mangio 1991). In addition, SO2 adsorption increases 
with rising relative humidity. The experiments are continuing. Drill 
cores collected from the granite of Aspeberget indicate a distinct 
change in colour down to 10 cm beneath the surface. Optical mi
croscopy (Bollmark 1990), however, has not yet established a con
clusive link between this colour change and any specific mineral al
teration. Independent isotope studies of Bohus granite, however, 
point to isotope exchange for hydrogen down to 7 cm beneath the 
surface (Tullborg et al. 1988).

Previous measures

No maintenance or conservation work was done by RAÄ/RIK on 
rock carvings between 1988 and 1991, but a few attempts at re
pairing/conserving rock carvings were made before that period.

I. The rock carving at Hästholmen T, in the Parish of West Toll
stad, Östergötland. This carving occupies a roche moutonnée of 
gneissic granite. The surface of the rock is strongly exfoliated, with 
millimetre-thin, decimetre-square patches, which are constantly 
threatening to grow and thus obliterate several of the figures in the 
carving. The surface of the rock is rather undulating, water accu
mulates in several locations after rainfall. Penetration of fissures 
near the surface by water is presumably one of the main causes of 
the exfoliation. The exposed position of this carving was observed 
quite early. Already in the autumn of 1960, Antiquarian Wibeck of 
RAÄ sealed fissures in exfoliated surfaces, using “fine-grained 
cement mortar with emulsion additive”. Tidying of the area and 
supplementary mending of the rock surface were performed at the 
end of the 1960s under the supervision of Antiquarian Wibeck (ac
cording to a report by A. Lindahl, dated 25.6.1968). A visit to the 
locality in the summer of 1991 showed the mends to be very well- 
done and still intact.

II. The Svanhalla rock carving at Sibbaboda, East Blekinge. This 
carving area is extremely flat and occupies an area which is inter
mittently covered by brackish water. The rock is a selectively
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weathered gneissic granite with glacial striations partly still extant. 
Like the Hästholmen carving, this rock shows a great deal of exfo
liation damage. In the spring of 1988, fissures were filled with par
aloid and silicic acid. In addition, the jagged exfoliation edges were 
mended with sandstone mortar and silicic acid. Already in the 
summer of 1991 it was obvious that the result was unsatisfactory. 
The fixing substance was released from the substrate. Clearly the 
mortar does not adhere well enough in this case, which may be 
partly due to adverse outward circumstances (the area being in
termittently submerged by water).

III. Aspeberget, Tanum. In the summer of 1989 a protective roof 
with walls extending down to a few dm above the surface of the 
rock was erected to protect the surface of the carving from acid 
rain. The effects were somewhat different from what had been ex
pected, because (a) water trickle paths on the rock surface lead to 
profuse growth of green algae when the surface is protected from 
UV radiation (to which the algae are sensitive). Lichens, on the 
other hand, do not prosper under the roof, because it prevents them 
from absorbing water from the atmosphere, or else they drown in 
the water trickles, (b) Soil and fallen leaves blow in under the roof 
and are deposited, especially in the water trickles. This makes the 
carving look untidy unless it is constantly swept clean, (c) Wet de
position does not occur, but dry deposition persists. As a result, the 
dry deposition is never washed away but accumulates continuously 
over a long period of time. Dry deposition, mainly of sulphur and 
chlorine, without any rinsing, can only have adverse effects, (d) The 
only definite advantage of the roof is that it prevents the rock from 
being worn down by the footsteps of visitors. The overall result, is 
that the protective roof with sides open at the bottom has not im
proved the preservation of the carving but, on the contrary, en
tailed further disadvantages. The protective roof will therefore be 
removed as soon as the investigations of the site are completed.

In one case measures have been proposed but have not materi
alised. The general view is that carvings last longer if they are 
covered with soil or such like. From the west coast of Sweden there 
are descriptions of glacially ground rock faces covered by dense 
clay strata or glacifluvial sediment, where glacial striations and 
glacial sculpture have remained intact for about 10,000 years 
(Samuelsson 1962, 1964). The limestone carving at Hägvide, on 
the island of Gotland, is a very instructive example of a carving 
which has remained intact for a long time under soil cover and then 
been uncovered with disastrous consequences. The carving was dis
covered and exposed in the summer of 1910 (newspaper article in
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Dagens Nyheter, 24th July). Already in 1922, E. Sorting sounded 
the alarm and, arguing that the carving would not tolerate expo
sure to the atmosphere, suggested that it should be covered over, 
which it was. It was uncovered again during the 1960s, partly so 
that a cast could be prepared (according to a latter dated 7.7.82 
from G. Burenhult). At the same time it was proposed that the 
carving should be covered over again to preserve it for posterity. A 
decision to this effect was taken by RAGU on 20th July 1982, but 
for various reasons has not yet (October 1991) been put into effect. 
Visiting the carving in the summer of 1991, photographer B. 
Lundberg of RAÄ/RIK and the undersigned (RL) found the surface 
of the carving to be in a wretched state. It is no exaggeration to say 
that nothing of the carved surface will remain in one or two 
decades unless the carving is quickly covered over. The best means 
of preservation is a matter to be discussed; we are inclined to be
lieve that a compact layer of clay should afford the best protection. 
The main problem is that of creating an interface between cover 
and rock with low carbon dioxide activity and a minimum of water 
flowing past - a tricky assignment, to say the least of it. Since the 
rock occupies an ephemeral stream bed, the first thing which 
should be done is to drain the perimeter.

Conclusions

Several rock carvings in Sweden are in imminent danger of disinte
gration. It is not possible at present to quantify the percentage of 
degradation which is natural and the percentage due to air pol
lution. On the other hand it is abundantly clear that prompt and, in 
some cases, drastic action is needed.

Glacially formed stone faces, e.g. of Bohus granite, display 
weathering, the extent of which depends on how long the surface 
has been in contact with the atmosphere. Carvings which have been 
permanently submerged under water and covered by sediment or 
which are covered by loose deposits on land are in a much better 
state of preservation. The roughness of the surfaces provides a 
good and distinct yardstick of the extent of weathering. A roche 
moutonnée shows increased roughness by continuing exposure to 
the atmosphere, up to a certain threshold. That threshold depends 
on the grain size of the rock. A more fine-grained rock reaches the 
threshold earlier (with less surface roughness) than a coarse
grained rock. Seminar papers presented in the Department of Nat
ural Geography, Göteborg University, indicate a weathering rate of 
about 2 mm/ 1,000 years for Bohus granite, for the most easily
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weathered major minerals (Swantesson 1991). It should be possible 
to register the degree of coarseness by means of laser-scanner mea
surement, a technique which J. Swantesson of Karlstad College is 
developing with support from RAÄ/RIK (see Swantesson 1989).

It is perfectly clear that most known rock carvings today are in 
resistant rocks such as granite, gneissic granite and quartzite. On 
the other hand there are very few known carvings in limestone, for 
example. It is relevant to ask oneself whether this reflects the 
original frequency of carvings or is a result of continuous weather
ing. If anything we believe the latter to be the case. To the people of 
the Bronze Age, a limestone face worn smooth by the ice must have 
been much more convenient for carving than a hard granite. The 
lesser frequency of glacially ground limestone faces was, of course, 
something of a limiting factor. Even though, it is clear that surfaces 
of this kind can be found, especially in flat areas rising out of the 
sea as a result of isostatic uplift, as for example in the case of the 
central Baltic region (Oland and Gotland). The preference of 
carvers for limestone is demonstrated, for example, by the picture 
stones of Gotland, most of which consist of this material. It 
therefore seems safe to assume that many limestone carvings have 
already weathered down or are located in areas which are now cov
ered by loose deposits. The Hägvide carving demonstrates the ap
palling speed at which an exposed limestone carving is destroyed.
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Rune stones - 
Inventory and preventive 
measures
Charlotta Bylund and Marit Åhlén

Inventory of damage

An extensive inventory and collation of material has been under
taken to provide input data for overall assessments of the nature 
and extent of environmentally related damage occurring in runic 
carvings and also to assess the necessity of measures of protection 
and conservation for these carvings. The damage inventory which 
has now begun is to include approximately 1,100 runic objects. 
These comprise carvings on stone and occur on standing stones, 
boulders in the soil or rock faces. In the great majority of cases the 
material is bedrock, i.e. granite and gneiss. These materials were 
long believed to be impervious to the degrading effects of the acid
ified environment, but in recent years it has been revealed that this 
is not the case.

Preparatory to the actual inventory, an inspection report form 
was compiled in the spring of 1988. Together with the then head of 
Stone Conservation in the Technical Department, Tord Andersson, 
it was decided which data were to be entered for every object. Be
fore the scrutiny began, Department of Runology personnel were 
given one day’s field training to enable them to recognise the phe
nomena which were to be registered in the course of inspection. A 
data register was also constructed, for all data registered in the field 
to be fed into. By the autumn of 1991, something like 1,000 of the 
1,100 or so runic inscriptions to be included in the inventory had 
been examined and registered. Apart from various administrative 
data, the register also includes information concerning the type of 
object, rock, fissures, surroundings (urban community, coun
tryside, proximity to roads etc.), surface vegetation, exfoliations, 
air-pockets, degree of erosion, previous mending and cleaning op
erations and painting. In the course of work, the registration form 
and data register have been improved and augmented in consul
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tation with the petrological experts at the Central Board’s Conser
vation Department, Göran Åberg and Runo Löfvendahl, experi
mental processing of the input material having shown that the data 
recorded was not always sufficient to furnish all the information 
desirable. It also became clear that some of the phenomena scruti
nised to begin with were of no interest in a wider context.

To facilitate data processing of the material and to avoid confu
sion of terms, the inspection report is constructed entirely on a mul
tiple-choice basis. The form ends with a space for freely written 
special remarks.

Retrospect

Of the 1,000 or more runic inscriptions inspected, many are en
crusted with a thick layer of lichen. This makes it virtually impos
sible to gauge the condition of the stone surface. Every runic in
scription in Sweden has been cleaned and repainted at least once 
since the beginning of this century. The first fascicle of the serial 
publication Sveriges Runinskrifter appeared in 1900. This series 
will include all runic inscriptions, province by province. The first 
fascicle was devoted to the runic inscriptions of Öland. The other 
provinces of Sweden have since followed, and all that remains now 
is the northern third of Gotland and the provinces of Hälsingland, 
Medelpad and Jämtland. Each provincial volume also includes a 
section of photographic plates. For this purpose, all inscriptions 
were photographed, after they had been cleaned, mended and 
painted. Lye was the commonest cleaning agent used until about 30 
years ago. Knowing what we do today about the resilience of stone 
material, we realise that this cleaning procedure was harmful to the 
stone surface, because lye is corrosive. Many stones have not been 
cleaned or their repairs re-examined since they were photographed 
for the above mentioned publication.

Something like half the runic inscriptions in Sweden are to be 
found in Uppland. These were published in the 1940s. At the time 
all inscriptions were in perfect condition for examination and pho
tography. Where necessary, the stones had been repaired with iron 
pins and cramps and with cement jointing. Judging by the Uppland 
material, this kind of mending will last for about forty years. Con
sequently a large proportion of the inscriptions (20% of the total 
number) are now in very great need of new repairs or overhaul. 
Many rusty iron pins are now doing more harm than good, and ce
ment coming loose from old repairs acts like a collecting channel, 
tending to admit rather than repel the water flowing over the 
surface.
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Seriously damaged inscriptions
From the entire material, a group of 17 inscriptions presenting par
ticularly serious damage and/or with extra-vulnerable envi
ronments have been selected for close study. These inscriptions are 
to be scrutinised recurrently and with extra care. Damage to them 
will be photographically documented as well, so that the course of 
damage can be traced in detail. By following these developments, 
we hope to gain knowledge which can be applied to the prevention 
and deceleration of damage. The 17 inscriptions are located all 
over Sweden, but most of them are in the Mälaren Valley.

In Hyby, Skåne, there is a small sandstone which has recently 
been conserved so as to stabilise its surface. Erosion, however, is 
continuing rapidly. One can see how small flakes, measuring 3-5 
mm , are rising from the surface and coming loose. A granite rune 
stone in Månstad, Västergötland, Fig. 10, was joined together and 
mended in the 1950s. The mends are now disintegrating and a rust- 
brown discoloration is discharged from the cracks.

Two impressive rune stones overlook the main road between 
Mariestad and Lidköping. One of them, of sandstone, is eroding 
rapidly, while the other, of red limestone, has deep cracks which are 
causing decimetre-square pieces to fall off it, added to which its en
tire surface is becoming eroded.

In Södermanland there are a total of six inscriptions in three dif
ferent places which belong to this group. In Strängnäs Cathedral, a 
red sandstone is set in the wall and there is a granite stone outside 
the entrance. The walled-in sandstone has a large exfoliation and 
an extensive air-pockets. (The term air-pocket denotes an area in 
which the surface layer is no longer in contact with the underlying 
stone material. A section of this kind sounds hollow when one 
knocks on the surface. Further erosion can result in the surface 
layer becoming detached, in which case exfoliation has occurred 
and the runic inscription has been lost.) The air-pocket comprises 
practically the whole of the residual carved surface. The loose stone 
was moved about until, in 1905, it came to occupy its present posi
tion. It has a flaking, heavily cracked surface with extensive exfo
liation and air-pockets.

On a granite block set in the soil right next to a gravel road in a 
dense pine forest near Flen, there is a runic inscription which is 
being fouled and exposed to flying sand and salt by passing motor 
vehicles. Although the stone was cleaned and painted in 1983, in 
1989 it was so overgrown with lichens that it could not be in
spected properly.

West of Södertälje there are three runic inscriptions side by side 
in a rock face directly overlooking a very busy national highway
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Fig. 10. This granite rune stone from Månstad, Västergötland, has mends 
which are disintegrating and shows precipitation from hidden iron pins. 
Photo B.A. Lundberg.

(Figs. 11 and 12). The carved surfaces are eroding heavily and re
ports of their bad condition are frequently received from the 
general public. Similarly, cracks and flaking are frequently ob
served on the runestone at Adelsö in Lake Mälaren. This is free
standing and occupies a relatively favourable environment, but is 
nevertheless in poor condition. The material is pale, fine-grained 
granite.

In the urban environment of a very busy street in the west of 
Stockholm, there are two runic inscriptions in a smooth rock face. 
There are numerous decimetre-square exfoliation patches on the 
surface.

The material of one rune stone, not far from Arlanda Airport, is 
amphibolite, the surface of which is releasing large flakes. The air-
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Fig. 11. The rock wall immediately overlooking Holmfastvägen, west of 
Södertälje, has three runic inscriptions. Photo B.A. Lundberg.

Fig. 12. The exposed position of the three Södertälje inscriptions, over
looking the busy road, is a major cause of heavy superficial weathering. 
Photo B.A. Lundberg.
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pockets are opening in cracks upwards, and exfoliation will soon 
be an accomplished fact. Until very recently this stone occupied a 
dense thicket, but that was cleared in the spring of 1991. A red 
sandstone with a runic inscription is set in the wall of Rimbo 
Church. Practically the whole of its carved area is covered with air- 
pockets.

Two of the rune stones of Hälsingland are included in this group. 
In Hälsingtuna churchyard there is a large granite slab. It has a very 
heavily gravelled surface and large parts of the inscription have 
weathered away. Outside Jättendal Church there is a rune stone of 
a shale material. This shows strong tendencies to split and for a 
century or so now, nearly half the carved surface is exfoliated . The 
cracks in the stone were filled recently to slow down the process of 
disintegration. For some decades now the slab has had a detachable 
copper hood which has prevented water from running down into 
the deep, open cleavages.

Roads and urban communities

Forty-six per cent of all the runic inscriptions inspected stand be
side roads, which is perfectly natural. When the stones were erected 
in the 11th century, they were positioned so that many people 
would see and read them. Most of all runic inscriptions adjoin the 
Viking communications network, consisting mainly of roads and 
waterways. The Vikings were of course happily unaware of the pol
lution problems which proximity to roads would bring long after 
their time. Now that, almost a thousand years later, the old roads 
have been taken over by motor vehicles, it is not surprising that 
these stones should present the heaviest erosion attacks. Apart 
from being exposed to concentrated exhaust fumes, they also re
ceive flying stones and gravel and are spattered with salt-saturated 
water during the winter season. If they are right on the roadside, 
banks of contaminated snow are piled up against or over them. 
Early in the history of motorism, the roadside could be considered 
a vulnerable position for a rune stone. Already in 1919, the Öster
sund County Antiquarian applied to the Director-General of the 
Central Board of National Antiquities for permission to move the 
Frösön rune stone a couple of metres away from the road. It was so 
close to the carriageway that it “had been spattered with dirt, espe
cially by motor vehicles passing at speed”.

Vibration damage is liable to occur near busy roads. In the 
summer of 1990 a group of three rune stones in Täby (Figs. 13 and 
14), north of Stockholm, were transferred from their old position,
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Fig. 13. These three rune stones used to stand beside a narrow, winding 
and very busy road in Täby. They suffered considerable damage from vi
brations and pollution. Photo B.A. Lundberg.

overlooking a road used a great deal by heavy vehicles, to 
somewhat quieter surroundings a couple of hundred metres back 
from the road. The material of these three rune stones is a rock 
stratified across the surface of the carving. It has suffered extra 
damage from all the vibrations and a growing crack was threat
ening to split it right down the middle. After the relocation had 
been decided on but before it could be put into effect, this rune- 
stone was run into by a lorry trailer which got out of control and 
knocked into the ditch. On that occasion certain breakages were in
flicted on the stone.

Exfoliation and air-pockets are twice as extensive in the runic in
scriptions directly adjoining large roads as in the material generally. 
This kind of damage occurs in 25% of all inscriptions, but in 47% 
of those occupying roadside positions. The treatment involves 
mending open cracks and edges with a soft, reversible repair 
mortar which prevents water getting underneath the surface layer 
to cause frost bursting.

Roughly a quarter of all rune stones and rocks with runic in
scriptions are located in large or small urban communities. Many 
of them present erosion damage in the form of exfoliated layers,
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Fig. 14. One of the three rune stones in Täby, which has now been moved 
back from the road, is of a material which splits readily at right angles to 
the inscription surface. Photo B.A. Lundberg.

air-pockets and large-pored areas which appear to be in the process 
of dissolution. Where urban rune stones are concerned, those in the 
churchyards of small communities apparently fare best; for the 
most part they occupy free, well-ventilated positions.

As stated earlier, rune stones at roadsides show an elevated fre
quency of exfoliations and air-pockets. Another group exposed to 
these types of damage comprises rune stones set in church walls 
(Figs. 15 and 16), 50% of which display damage of this kind, often 
serious. Probably tensions, temperature differences, moisture travel 
etc. create an adverse environment for the stone. Special attention 
must be paid to these objects when planning future measures of 
protection and restoration.
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Fig. IS. Rune stone in the wall of Skånela Church. Photo B.A. Lundberg.

Vegetation

Algae, mosses and above all lichens are a big problem where the 
care and maintenance of rune stones and rocks with runic inscrip
tions are concerned. Swedish crustose and lobed lichens normally 
have an average growth rate of 1-2 mm/year. In more favourable 
conditions, in places where they derive a great deal of nourishment 
from fertilisers and road dust, for example, they grow much faster. 
A rock with a runic inscription at Järvafältet, north of Stockholm, 
is a case in point. Measuring about 1.5 x 2 metres, it was com
pletely cleared of lichen in 1989. In 1991, only two years later, 
about 75% of its surface was covered by firmly adhering crustose 
lichen. Lichen growth is also closely bound up with a completely
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Fig. 16. Detail of the rune stone in the wall of Skånela Church, showing 
distinct exfoliation. Photo B.A. Lundberg.

different but steadily increasing problem of the environment, 
namely the reversion of the man-made landscape to scrub (Fig. 17). 
Inscriptions surrounded and enclosed by thorny thickets and dense 
shrubs suffer as a result. The intrusive vegetation creates an ad
verse, damp environment in which algae, lichens and mosses flour
ish. These cryptogams also rank as pioneer plants - that is, if al
lowed to grow, they will create a breeding ground for superior veg
etation. The roots of this type of vegetation, as everybody knows, 
have a highly explosive effect. Who has not seen dandelions 
growing through the asphalt?

About 70% of all inscription surfaces are more or less covered by 
algae, lichens and mosses. Inscriptions facing north and overhung 
by tree branches or surrounded by bushes are the most heavily 
overgrown. Apart from the lichen cover making it difficult, some
times impossible, to see the inscription and examine the surface, it 
often accelerates the erosion of the stone surface. Lichens, when 
growing on the surface of a stone, are a fairly considerable factor of 
degradation. Their small hair-like organs of attachment, known as 
rhizinae or rhizoids, can inflict mechanical damage by bursting the 
stone. Many lichen species also secrete acid or complex-binding

45



Fig. 17. Algae flourish on rune stones in dense undergrowth where it is 
dark and damp, and lichens grow rapidly in road dust. Both these harmful 
criteria are satisfied in the case of this rune stone near Tidaholm, Väster
götland. Photo M. Åhlén.

substances which cause chemical degradation of the stone. Re
porting on an inventory of limestone rune stones on the island of 
Öland in the spring of 1989, Göran Åberg (an RIK geologist), notes 
among other things: “Stones heavily eroded from behind, due pre
sumably to a heavy growth of lichen and moss. Front in decent con
dition.” The inscribed side of the stone, which had been repeatedly 
cleared of vegetation, was thus in better condition. But the removal 
of firmly attached lichen also affects the surface of the stone. The
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cleaning methods employed today, although conducted with the 
greatest possible care, are a great strain on the surface of the stone, 
often resulting in loss of material. Efforts will therefore be made to 
treat stone surfaces in such a way that algae and moss will not grow 
there as plentifully as on an untreated surface.

Lichens are also removed for aesthetic reasons. Under a complete 
layer of moss and lichen, the runic relief is barely discernible. A 
rune stone or inscribed rock with its inscription hidden rapidly 
merges with the landscape. Then again, people are more disposed 
to take care of a rune stone which is probably looked after. An in
scription without clearly visible runic traceries, is liable to be unin
tentionally damaged.

Cleaning and maintenance

Before lichen removal takes place, the surface of the stone is care
fully examined to see if any parts of it are extra brittle. The actual 
cleaning procedure involves scrubbing the stone with a scrubbing 
brush and a mixture of water and about 5% detergent containing a 
biocide (Fig. 18). The surface of the stone is kept wet all the time, 
because moisture softens the lichens and makes them more readily 
detachable. The lichens are then removed with soft wire brushes of 
stainless steel. Finally the surface of the stone is washed carefully 
with pure water. The time needed to clear a runic inscription of 
lichen varies considerably, depending above all on the size of the 
area and the detachability or otherwise of the lichens. On average, 
two people can clean one or two carved surfaces in a working day. 
In extreme cases, two people may have to spend two working days 
on a single inscription, while on other days they may have time for 
three stones if the stones are close together, small and not too 
heavily encrusted with lichen.

All operations in the form of cleaning and crack-filling are docu
mented in writing and often pictorially as well.

After a runic inscription has been cleaned by a stone conservator, 
the lines of the inscription are painted in by a runologist (Fig. 19). 
Very often the lines are so shallow that, without painting, it is very 
hard to see them at all.

All the indications are that stone benefits most from regularly re
curring maintenance, with washing once or twice annually. In that 
case, ordinary lukewarm water and a soft brush are all that is 
needed. In this way lichen can be prevented from ever gaining a 
foothold and spreading. This annual overhaul, of course, cannot be 
managed centrally from the Central Board of National Antiquities,
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Fig. 18. The inscription surface of a rune stone is carefully cleared of li
chen. Photo RIKsten.

and so for just over a year now there has been a system of rune 
stone sponsors. Local history societies, interested private individ
uals etc. “adopt” one or more rune stones in their home areas and 
look after them regularly. Apart from the care and supervision 
which this implies, sponsorship also has the effect of making people 
all over the country feel actively involved in the preservation of our 
cultural heritage when they look after “their” rune stone, and in 
this way they also become more alive to the importance of pre
serving archaeological remains of other kinds.

Since even careful cleaning methods are a strain on the stone ma
terial, new and more gentle but at the same time efficient cleaning 
methods will have to be found for lichen-encrusted stone. In addi
tion, a method preventing the renewed growth of lichen would do
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Fig. 19. After the surface of the rune stone has been divested of lichen, the 
inscription lines are painted in to make the inscription visible. Photo B.A. 
Lundberg.

a great deal to extend the life expectancy of rune stones. Cleaning 
experiments using enzyme, for example, have been performed at 
the Institute for Surface Chemistry (YKI) in Stockholm, at the in
stance of the RIK stone department. In optimum laboratory condi
tions, the best results have been achieved with protein-degrading 
enzyme. It now remains for the experiments to be continued in the 
field. Activities for the prevention of renewed growth will include 
tests with various types of metal. Lichens are sensitive, for example, 
to copper, even in minute quantities. If precipitation of metallic 
ions could be obtained on the surface of the stone, e.g. by mixing a 
small amount of metallic copper into the paint applied to the runic 
characters, an insalubrious environment could be created for the 
lichens.

Conclusion

The task of inspecting Sweden’s runic inscriptions is very near to 
completion. The next stage will be to evaluate the data fed into the
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data register. The result of this evaluation will form the basis of ac
tion programmes. The extent of damage can then be assessed much 
more reliably than before and an estimate made of the measures 
needed. Antiquarians with runological competence cannot suggest 
or assess the measures needed in order to rescue damaged or vul
nerable inscriptions, but with the aid of the runic register we can 
supply conservators, geologists and chemists with facts and draw 
their attention to problems. The data register can also supply infor
mation pointing to the causal relations existing between stone ma
terials, surroundings and environment in a broader perspective.
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Building stone and 
sculptural decorations
Runo Löfvendahl, Charlotta Bylund,
Marianne Gustafsson-Belzacq, and Anders G. Nord

Background

In Sweden damaged building stone was already treated with 
modern preserving agents, such as silicon esters, at the end of the 
1970s. Selection of sites at that time was more or less random, oc
curring for example after external requests, in response to which 
personnel from the Central Board would visit and study the object 
referred to and decide whether any action was needed. There was 
no funding available for inventory work/documentation on a more 
systematic basis, apart from an inventory of decorative stone sculp
tures in Gotland, begun in 1982 by T. Andersson and E. Lagerlöf. 
Quite a few objects, however, had been dealt with by mid-1988, the 
most important of them are listed in Table 5. It should be made 
clear, however, that additional conservation work was done in the 
1980s, which we are unacquainted with. The problem with all this 
work is that there is little if any documentation of it, which means 
that it will be practically impossible in future to follow up and eval
uate the measures taken.

When funding was decided for a comprehensive effort at the 
Central Board of National Antiquities/RIK, from mid-1988, this 
meant building up a strong and competent staff at short notice. An 
organisational redeployment resulted in the Institute of Conserva
tion (RIK). The build-up of competence within the Stone De
partment became a central issue, especially as the head of de
partment and two experienced stone conservators left the organi
sation during the first year of operation. A newly educated conser
vator was appointed in 1988 and a second one in 1989. Also in 
1989, a geologist was recruited who subsequently became head of 
the department. Inventory work got started in earnest in 1989, 
when local inventories were compiled for the south of Skåne, Hels
ingborg and the Old Town district of Stockholm (see Table 6). 
Meanwhile work was in progress on standardizing the description/ 
documentation of sculptural stone, with special emphasis on por-
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Table 5: Principal stone objects conserved in Sweden by 1988.

Site, locality Object Province Age Rock Conserva

tion year
Conservator

Övedskloster Castle Portal, Skåne 18th cen. ÖvedcFst* 1984, 87 RAÄ**
Ö Herrestad ch. W. portal 11th cen. Komsta 1st** * 1984 RAÄ
Ahus ch. Reliefs, portal 13th cen.? Komsta 1st 1985 RAA
Bjäresjö ch. Portal 14th cen. Komsta 1st 1984? Dalby masonry
Glimmingehus Painting/

triptych
16th cen. Lst 1983 RAÄ

Kristianstad Town gate 17th cen. Roslag sst 1984 Dalby masonry
Skå Bank, 

Malmö
Faęade c. 1900 Öved sst 1986? H. Räthel

Vetlanda ch. Chancel

doorway
Småland 17th cen. Lst (Öland?) 1985 RAÄ

Vamlingbo ch. Reliefs Gotland 12th cen. Gotland sst 1983 RAÄ
Öja ch. Portals (2) “ 14th cen. Gotland 1st 1983,85 RAÄ
Grötlingbo ch. Reliefs “ 12th cen. Gotland sst 1984 RAÄ
Havdhems ch. Chancel doorway “ 12th cen. Gotland sst 1984 RAÄ
Hemse ch. North portal 11th- 

12th cen.

Gotland sst 1984 RAÄ

Norrlanda ch. Nave portal 14th cen. Gotland 1st 

(grey)
1985 RAÄ

Dalhems ch. Chancel doorway “ 14th cen. Gotland 1st 1983? RAÄ
Lummelunda ch. Chancel doorway “ 14th cen. Gotland 1st) 1985 RAÄ

Visby Cath.
(grey)

Portals (2) 13th- 

14th cen.

Gotland 1st 1983? Slite masonry

Länsresid. Gbg Portal Bohuslän 17th cen. Gotland sst 1985? Slite masonry
Norrköp.centre Portal Ö’götland 19th cen. Red 1st 1984 RAÄ
Lövsta Castle Portals (6) 17th- 

18th cen.
Gotland sst 1982 RAÄ

Kimsta ch. Portal 17th- 

18th cen.
Gotland sst 1985? RAÄ

Tyresö ch. Portals (2) Sörmland 18th cen. Gotland sst 1982 RAÄ

Nikolai ch., 

Nyköping
Portal, capital “ 17th cen. Gotland sst 1982

Slite masonry

RA

Vadsbro ch. Portals (2) “ 17th cen. Gotland sst 1985 RAÄ
Heby Castle Heraldic shield “ 1750s Gotland sst 1985 RAÄ
Nikolai ch., Portal, sculpture Närke 12th and Lst 1979 RAÄ,
Örebro 19th cen.
Sköllersta ch. Portals (3) “ 13th cen. Lst Yxhult 1984 RAÄ
Askersund ch. Portal, “ 17th- Gotland sst 1979 Videlius

burial chapel 18th cen.
Riddarhuset Faęade, Stockholm 17th- Gotland sst 1980-88 Videlius,

sculpture 18th cen. etc. RAÄ
Bondeska pal. Reliefs etc. 17th cen. Gotland sst 1986-87 RAÄ
Wrangelska pal. Reliefs 17th cen. Gotland sst 1986 W. Eklund
Hessensteinska Portal 17th cen. } 1980s KBS
pal.

German Church Portal, sculpture - 16th- 

17th cen.

Gotland sst 1986? Slite masonry

Stockholm Cath. Sculptures 1690-1720 Gotland sst 1978-79 RAÄ
Oxenstiernska
pal.

Portal 17th cen. Gotland sst 1982 Slite masonry

1 essinska pal. Portal “ 17th- 
18th cen.

Gotland sst? 1984? KBS

Svartmannag. 6 Portal “ 17th cen. Gotland sst 1982 RAÄ
Västerlång. 68 Portal, sculpture “ 17th cen. Gotland sst 1981, 88 RA AI Prol.
Torstenssonska Portal “ 17th cen. Gotland sst 1985?

Jakob Ch. Portal “ 16th- 

17th cen.

Gotland sst 1975?
masonry
Videlius

Narvav. 26-28 Faęade, reliefs 1900 Lemunda sst etc. 1976 French firm
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Site, locality Object Pre ince Age Rock Conserva

tion year

Conservator

Låssa ch. Portal Uppland 17th cen. Gotland sst 1987, 8 RAÄ

Norrsunda ch. Burial chapel “ 18th cen. Gotland sst 1981 RAÄ

Uppsala Cath. Sculptures (2) “ 14th cen. Gotland 1st 1985, 88 RAÄ

Handelsbank Portals (2) etc. V-botten 1900 Lst Yxhult etc. 1982, 83 RAÄ

Abbreviations: *sst = sandstone, S'*RAÄ = The Central Board of National Antiqui
ties, * * * 1st = limestone.

tals. This work made it clear that the data to be processed, by 
reason of its sheer volume, would have to be computerized for 
meaningful evaluation.

This was done by developing an information storage and pro
cessing system in collaboration with the department of Runology 
and informationssystem Gotland (H. Gustafsson at the Central 
Board and R. Näslund). An inventory of Gotland quarries was also 
begun in 1988 (Table 6). This was undertaken in order to docu
ment old quarries and stone materials, and in this way to gauge the 
proneness of the stone material to weathering and the availability 
of replacement supplies. Another aim was to trace the origins of the 
stone used in the various buildings and to procure stone for various 
laboratory tests before the conservation season began. Several 
other inventories of a similar kind, but also in greater depth, have 
been carried out more recently; see Table 6.

Thus, by mid-1991, i.e. during the first three-year period, a local 
inventory/documentation had been carried out with successive de
velopment of field cards (one for building stone/portals, one for 
quarries), at the same time as a picture emerged of the stone mate
rials used and damage occurring to them. Parallel to the design of 
the field cards, a data recording system was built up. As the inven
tories continue, data will also be entered in the field, using portable 
computers. These data will then be transferred to the main frame at 
the Central Board of National Antiquities/RIK, and will eventually 
also become available at county level. In addition, the measures 
taken are to be followed up at regular intervals. Every type of 
object, i.e. buildings, portals/decorative sculptures and quarries, 
will have its own register, with merging facilities. These text data 
registers will be interconnectable with an image processing system 
including both sketches and photographs, and also with maps. On 
the sketches it will be possible to mark both materials and damage, 
which will be important for the compilation of practical recom
mendations and for subsequent follow-up and after-inspection.

Research to clarify and understand the degradation and weath
ering of stone had been in progress since the mid-1980s at the De-
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Table 6: Inventories compiled for the stone department, RAÄ/RIK.

Inv. type Year Province Area, city Author Eng. trans, of title

s* 1989 Skåne Helsingborg Jönsson, L.-E.

8c Asgrim-Berlin, A.

Air pollution damage 

in Helsingborg

M 1989 Sörmland Sundlin, H. Inventory of stone 

sculptures...

s 1989 Skåne Ystad district Sundnér, B. Investigation of weathering 

damage...

M 1989 Skåne Several objects Sivhed U, 8c. 

Bergman, C

Inspection of stone 

materials...

Qi* 1989 Jämtland, Brunflo and 

Västergöt- Kinnekulle 

land

Lindström, M., 

Andersson, C.

8c Sturkull, E.

Building stone research. 

Kinnekulle and Brunflo 

Project

QI+M 1989 Närke Yxhult Lindström,

M. 8c Sylwan, C.

Building stone research. 

Yxhult Project

Qi 1989 Gotland Whole island Falk, L. Stone quarries of Got-

Qi 1989 Gotland Whole island Falk, L., Jerre, F. 8c 

Arup, M.

Medieval building stone 

in Gotland

M 1990 Skåne Southern part Sundnér, B. Stone building materials 

in Skåne...

M 1990 Skåne HM, Lund Sundnér, B. 8c

Sivhed, U.

I. Study of church furnishings

S 1990 Skåne Lund Gath. Sundnér, B. 8c

Sivhed, U.

II. Lund Cath. Investi

gation...

S+M 1990 Skåne Southern part Sundnér, B. et al. III. Investigation of 

weathering

S 1990 Skåne Sundnér, B. 8c

Sivhed, U.

Summary of project...

P* 1990 Skåne Öved district Sivhed, U. 8c

Erlström, M.

Petrographic study.

Öved sandstone

M 1990 Gotlan Andersson, T. 8c 

Lagerlöf, E.

Stone sculptures of

Gotland

QI 1990 Gotland Falk, L. 8c Arup, M. Medieval building stone 

in Gotland...

P 1990 Bo, Vg, Got Several obj’s Bollmark, B. Microscopy reports (4)

S 1990 Småland Kalmar Molander, O 8c 

Edlund, R.

Damage inventory, stone 

portals...

M 1990 Stockholm Old Tow Gustafsson-Belzacq, 

M. 8c Sundlin, H

Inventory of portals, Old 

Town, Stockholm

S 1990 Kinnekulle Kathol, B., Sturkell, E. 

8c Lindström, M.

Blackening of lingulid 

sandstone

Qi 1991 Skåne Sivhed, U. Building stone and 

quarries...

QI+M 1991 Central Stockholm Kathol, B. Ordovician limestone in 

Stockholm

Qi 1991 Öland Lindström, M. Building stone research. 

Öland project

M+S 1991 Gotland Gravestones Andersson, T. 8c 

Lagerlöf, E.

Report and inspection 

records...

L* 1991 Gotland Churches Tibell, L Biological growth on 

church faęades

M* = Materials inventory, stone buildings etc. P* = Petrographic building stone ex
amination. S* = Damage inventory, building stone. QI* = Quarry inventory. L/: = 
Lichenological inventory.
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partment of Inorganic Chemistry, Chalmers University of Tech
nology, Göteborg. This was/is mainly concerned with uptake and 
transformation of sulphurous gases on stone surfaces, and it was 
conducted in a laboratory environment. With funding support 
from the Central Board/RIK, the research was expanded to include 
effects of conservation with silicic acid esters on Gotland sandstone 
and limestone (see Elfving 1991). Contacts had previously been es
tablished with lichenological expertise, to document biological 
damage to rendering and faęade stone in Gotland churches (Tibell 
1991).

Inventory/documentation

Table 6 shows the inventories completed before mid-1991. On the 
basis of experience gained from this work, planning for a national 
inventory and documentation of stone buildings began at mid-year 
1991 under the direction of B. Sundnér. This inventory will proceed 
by two stages. The first, to be conducted at county level by local an
tiquarians, will show the number of stone buildings and whether or 
not they are substantially damaged. A simplified field card will be 
used for this work, and basic data will be collected from archives 
and local knowledge. The second stage will involve in-depth field 
documentation using a fieldcard devised by RIK (Gustafsson- 
Belzacq and Sundlin 1990). This will then form the basis for se
lecting the objects needing to be followed up by means of detailed 
documentation, as well as a basis for possible conservation mea
sures later on. The different stages of this process will result in:

(1) The mapping of Sweden’s stock of stone buildings.
(2) Documentation of damage to these buildings.
(3) Detailed documentation of the objects in danger of destruction, 

and practical proposals for conservation.

The inventories completed hitherto represent various types of envi
ronment, but with a preponderance of urban communities. Age- 
wise they include the Middle Ages (Gotland, Skåne), the 17th cen
tury (Kalmar and Stockholm Old Town) and the turn of the last 
century (Helsingborg, Kalmar and partly Stockholm).

Types of damage

A pictorial damage atlas of building stone is in preparation (An
dersson et ah, MS) to characterize the types of damage of Swedish
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Stone materials. Also internationally, work is in progress on stan
dardised damage documentation (Fitzner and Kownatski 1990, 
Mulvin and Murphy, MS. Bauer-Bornemann et al., MS). The first 
versions presented were highly complex and included a host of 
somewhat indefinable types of damage (cf. Fitzner and Kownatski 
1990). The later versions (Bauer-Bornemann et. ah, MS, Mulvin 
and Murphy, MS), however, are much simpler and contain about 
ten different major damage types. On the basis of Swedish experi
ence, we (Andersson et al., MS) have defined eight types of damage, 
namely:

(1) Selective weathering (relief weathering)
(2) Homogeneous weathering
(3) Exfoliation
(4) Fissure/fissure growth
(5) Black staining discoloration
(6) Crust/efflorescence
(7) Organic growth
(8) Other types.

These main types can then be divided into various sub-types, which 
we will not discuss here. The main types have the following charac
teristics.

(1) Selective weathering (relief weathering)-. Chemically/physically 
less resistant minerals disintegrate, while the more resistant ones re
main in sites (Fig. 20). Weathering proceeds continuously and even
tually attains a state of equilibrium, after which the relief no longer 
increases. This type of weathering is common in granites, impure 
limestones, and sandstones.

(2) Homogeneous weathering: In monomineralic rocks, the entire 
surface is evenly dissolved and disappears (chemical weathering). 
In fine-grained rocks the matrix is dissolved, whereupon the major 
resistant mineral grains are also undermined and fall away (a pro
cess known as sanding; see Fig. 21); this is synonymous with selec
tive weathering in a more coarse-grained rock, but in this instance 
the result does not substantially increase the relief. This type of 
weathering is common in limestones (chemical dissolution) and 
sandstones (sanding).

(3) Exfoliation: Large or small areas of the stone surface in the 
form of scales, leaves or thin cakes, become detached from the sub
strate giving a hollow sound when knocking and eventually fall off 
leaving a schar (Figs. 22-24). This phenomenon is common in 
granites but also in sandstones and ordovician limestone.
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Fig. 20. Selective weathering of Gotland limestone (“Hoburg marble”), at 
the Royal Academy of Arts, Stockholm. Fossil and matrix show different 
resistance to weathering. Photo B.A. Lundberg.

(4) Fissure/fissure growth: Completely new cracks appear in the 
stone material or pre-existing cracks are widened or deepened due 
to dissolution or detachment (Fig. 22). This type of damage occurs 
in rocks of all types.

(5) Black staining /discoloration: The surface of the stone changes 
colour. In urban environment or in polluted areas, a thin black 
coating is frequently formed. Sandstones are often affected in this
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Fig. 21. Homogeneous weathering in Gotland sandstone, the Guldkaggen 
restaurant, Burgsvik, Gotland. Most of the surface shows homegenous 
weathering(sanding). On the left, selective weathering (pitting) and, be
low, crust formation. Photo B.A. Lundberg.

way, but so too are other rocks (Fig. 24). Other kinds of discol
oration are yellow or brown (precipitation of trivalent iron) or 
green hues (copper precipitation: Fig. 25). Discoloration of the 
latter type usually emanates from metal structures in the building 
and is almost independent of the type of rock type involved (i.e. 
will form on rocks of any kind).

(6) Crust/efflorescence: Encrustation usually takes the form of a 
white precipitation of gypsum or calcite (lime) on carbonaceous 
rocks (Fig. 26). Often these encrustations are more or less dark in 
colour, depending on their degree of contamination. Salts normally 
forms white crystals (sulphates, carbonates, chlorides or nitrates; 
see Fig. 27). The latter are generally formed by capillary rise of 
saline groundwater/surface water in the stone, with consecutive 
precipitation when the water evaporates. They occur on all types of 
rock with capillary water uptake, most often fine-pored sand
stones.
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Fig. 22. Columns in Gotland limestone (“Hoburg marble”) at the Royal 
Academy of Arts, Stockholm. Selective weathering along less resistant lay
ers. Photo B.A. Lundberg.

(7) Organic growth: The stone surface is covered by macroscopic, 
visible growth, such as algae, lichens, mosses or plants (Fig. 28). 
This biological activity is favoured by high humidity and therefore 
is most frequent in shaded sections or on the north faęade of 
buildings. Growth is partly material-related, different types of rock 
having a different lichen flora. Carbonate rocks in particular, in a 
clean environment, have a specific, profuse lichen association. 
Urban communities with heavily polluted environments are practi
cally devoid of lichens.
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Fig. 23. Strong selective weathering in Gotland limestone (“Hoburg mar
ble”) accentuated by rough cleaning. The Royal Academy of Arts, Stock
holm. Photo B.A. Lundberg.

Fig. 24. Cartouche of Gotland sandstone with black layers , partly exfoli
ating. The Karoline Burial Chapel, Stockholm. Photo B.A. Lundberg.
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Fig. 25. Copper precipitation, Ordovician limestone on the plinth of the 
Karoline Burial Chapel, Stockholm. Photo B.A. Lundberg.

Fig. 26. Grey gypsum crust on Gotland sandstone. The southern lych-gate 
of Visby Cathedral, Gotland. Photo B.A. Lundberg.
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Fig. 27. Faintly visible salt precipitate a few mm beneath the surface con
tributes to the exfoliation of Gotland sandstone. The Karoline burial cha
pel, Stockholm. Photo B.A. Lundberg.

Fig. 28. Lichen growth (Lecanora atra) on Gotland sandstone. Sundre 
Church, Gotland. Photo B.A. Lundberg.
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Fig. 29. Exfoliation crack in Roslagen sandstone mended with silicon. 
The Royal Palace, Stockholm. Photo B.A. Lundberg.

(8) Other types-. This category includes a host of different phenom
ena, most of them directly or indirectly anthropogenic in nature. 
They include incorrect surface treatment, shoddy repairs/joins, fire 
damage, mechanical damage (e.g. from vehicle or other impacts), 
the droppings of birds or animals, inadequate drainage and/or in
sufficient runoff (Figs. 29 and 30).

Methodology of chemical analysis

When attempting to estimate the impact of air pollution on stone 
materials, one is faced with the following two main problems:

(i) Rocks are extremely heterogeneous, chemically and mineralogi- 
cally.
(ii) It is extremely hard to distinguish degradation due to anthro
pogenic pollution from natural weathering.

As mentioned earlier, weathering can be divided into three main 
types: chemical, physical/mechanical and biological. Air pollution 
mainly has chemical effects, i.e. comes under the category of 
chemical erosion. But there are further anthropogenic causes of
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Fig. 30. Trickle path caused by inadequate covering of an Ordovician 
limestone portal. Strandvägen, Stockholm. Photo B.A. Lundberg.

degradation, such as inappropriate surface treatment agents/ 
methods, spreading of salt on roads and so on. Physical/mechanical 
erosion includes water in its various forms at varying temperatures, 
as well as sun and wind, and also vibrations from traffic, inappro
priate building techniques etc. Biological activity, including every
thing from microorganisms to human living, produces biological 
deterioration.

The Swedish climate, with its seasonal fluctuations, provides an 
opportunity for all these processes to interact. The picture is further 
complicated by the relatively large number of natural and artificial 
stone materials used for buildings. Chemical analyses, therefore, 
are one of the means at our disposal for plotting the course and
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causes of damage. The following are some of the important reasons 
we have for performing chemical analyses:

□ They help us to describe the damage.
□ They sometimes make it possible to tell the cause or causes of 

the damage, e.g. air pollution in relation to “natural weather
ing”.

□ They can help us to find out whether a preservative has been 
used before, and to evaluate its effects.

□ They can facilitate decisions on subsequent stages of conserva
tion, so as to achieve the best possible results.

□ They can help us to characterize degradation mechanisms for 
the stone material.

Sampling has to be performed with great care. Material, location, 
surroundings, traffic situation etc. should be documented. The 
damage should be noted down in writing and photographed. Spec
imens should be taken and kept in separate, marked and sealed 
bags. If possible, undamaged stone material should also be col
lected. When a cylindrical core is drilled out, ethanol or air should 
be used as a coolant, especially if water-soluble salts are to be anal
ysed.

We have a large number of analytical instruments at RIK. The 
most important of them, a JEOL JSM-840 scanning electron micro
scope with a LINK unit for energy-dispersive X-ray micro analysis, 
was purchased in 1988. The Analytical Unit also has access to an 
XRD (Debye-Scherrer camera and X-ray diffractometer), X-ray 
fluorescence, a Philips PU-7450 plasma spectrograph, a spec
trophotometer and an HPLC for anion chromatography. All these 
new and/or older instruments, as well as conventional wet chem
istry, have been used for fast and relatively accurate character
ization of a large number of eroded and metamorphosed stone 
specimens. In the past year we have also installed a conventional 
polarization microscope (both transmitted and incident light) with 
a photo extension, for mineralogical characterization of the rock 
material in thin sections.

In certain cases, the assistance of outside institutions has had to 
be called on for special analysis, e.g. Fe Mössbauer spectroscopy 
for identifying amorphous iron compounds on stone surfaces, 
thermo-analytic techniques of the DTA/DSC type, spectro- 
photometric methods like FTIR, LRS and GC-MS for identify
ing/characterizing organic compounds, and ESCA spectroscopy for 
surface studies. The various methods of analysis have been dis
cussed at greater length by Nord and Tronner (1991 c).
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Results
The three years’ inventory work has shown the sedimentary rocks 
to be the most extensively damaged. Igneous rocks, such as gran
ites, are not very common in decorative sculptures; instead they 
occur mostly from the second half of the 19th century onwards. 
Since they are more resistant to weathering and, moreover, have 
not been exposed so long, their damage situation is a good deal 
more favourable. Consequently we have focussed of our attention 
on sandstones and limestones.

Gotland sandstone
The most important building sandstone has been Gotland sand
stone, which has been quarried in the south of the island since the 
beginning of the Christian era (Mannecke 1990). It is found in me
dieval portals and as faęade stone on Gotland churches and in bap
tismal fonts of the same age. During the 17th century this sand
stone acquired greater regional importance and was shipped all 
over the Baltic region. Right down to the beginning of the present 
century, portals were being built of this stone. The inventory has 
shown the Gotland sandstone to be relatively prone to weathering. 
This is no surprise; it was known previously. Thus eroded Gotland 
sandstone in northern Germany and Denmark (Copenhagen) has 
frequently been replaced with similar German sandstones which 
have been judged more resistant to weathering. The most common 
replacement has been Obernkirchner sandstone (Bremer sand
stone), e.g. for Trefaldighetskyrkan (Trinity Church) in Kris
tianstad and for the Fiichting portal in Lübeck (Seeback 1991). The 
objects (decorative sculptures, portals) of Gotland sandstone 
treated during the three-year period are enumerated in Table 7. As 
will be seen, Gotland sandstone is the material most often treated, 
which reflects its relatively high proneness to weathering. This 
sandstone (Fig. 31) is a fine-grained, impure sandstone (Table 8) 
and can be classified as subarcose, using Pettijohn’s terminology. It 
is composed of quartz and feldspars, and held together by a matrix 
of clay minerals, calcite and recrystallized quartz. The rock has rel
atively high porosity, about 15% by volume. Surfaces exposed to 
precipitation are often heavily degraded. The most common forms 
of damage are exfoliation and sanding, of varying magnitude. 
These types of damage completely transform the external appear
ance of the stone and are frequently irreparable. Ostensible 
restoration of the surfaces, therefore, calls for reconstruction or, in 
extreme cases, replacement of the stone.
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Table 7: Stone conservation in Sweden funded by RAÄ/RIK, 1988-91.

Year County Site Object Period Rock External/

internal*

1988-89 Malmöhus Gislöv ch. S. portal 13th cen. Köpinge sst''“1. E
1988-89 Skaraborg Torpa stone 

house
Portal 16th cen. Red 1st*** E

1988-90 Skaraborg Forshem ch. Portals 12th cen.

1st Lingulid sst
i

1988-90 Gotland Stånga ch. Portal etc. 14th cen. Gotland 1st i
1988-89 Stockholm Petersénska Portal etc. 17th cen. Gotland sst E/I

1988-89 Stockholm Lindenska Portal etc. 17th cen. Gotland sst E

1988-89 Stockholm Skansen Sculptures 17th cen. Marble I
1988-89 Stockholm Sollentuna ch. Memorials 17th cen. Gotland sst I
1988-91 Västmanland Tidö Castle Portals 17th cen. Gotland sst E
1988-89 Uppsala Uppsala Cath. Sculpture 14th cen. Gotland 1st I
1989-90 Skaraborg Skara Cath. Sculptures 1880s Gotland sst E
1989-90 Skaraborg Värnhem ch. North portal 13th cen. Lst (Billingen) I
1989-91 Sörmland Floda ch. Burial chapel 17th cen. Gotland sst E
1989-90 Örebro Nerikes

Allehanda
Entrance 19th cen. Lst (Yxhult) E

1989-90 Uppsala Björki inge ch. Portals etc. 17th cen. Gotland sst, I
1989-90 Uppsala Norri. Nat. 

Uppsala
Faęade 1880s. Ordov.lst E

1989-90 V’norrland Bernska,

Sundsvall
Faęade 1890s Ordov.lst, 

Gotland sst,
E

1990-91 Malmöhus Övedskloster

Castle
Faęade etc. 1750s Öved sst E

1990- Kalmar City of Kalmar Portals (6) 17th cen. Gotland sst, 1st 
(Öland)

E/I

1990- Gotland Hablingbo ch. Portals (3) 12th- 

14th cen.
Gotland sst, 

Gotland 1st
I

1990-91 Gotland Väte ch. Portals (3) 12th cen. Gotland 1st I
1990-91 Älvsborg Koberg Castle Portal 19th cen. Gotland sst, 

Ordov. 1st
E

1990- Sörmland Jäder ch. Portal etc. 17th cen. Gotland sst, etc. E
1990- Sörmland Vadsbro ch. Portals etc. 17th cen. Gotland sst, etc. E
1990-91 Stockholm Stockholm Old Town 

Portals (3?)
17th cen. Gotland sst, etc. E

* External /internal = conservation handled by external firms (E) or internally (I) by
RAÄ/RIK. ** sst = sandstone. * * * 1st = limestone.

Presently, we are not in a position to include that bad local envi
ronment (caused by local heating or emissions from factories or 
traffic) has been a more important factor of degradation than the 
regional spread of air pollution during the 20th century. Prelimi
nary results of an inventory in the County of Malmöhus (Sundnér 
1991) suggests that the degradation picture in the south-west of 
Skåne is more or less evenly distributed throughout the region, in
cluding both rural and urban environments.

In addition to the types of damage already described (exfoliation, 
sanding), there is often discoloration of the surface of the stone 
(black staining) and salt precipitation. Gotland sandstone, in 
common with most rocks, frequently turns grey when shielded
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Fig. 31. Recently replaced (pale grey) and older (brownish) Gotland sand
stone in the Karoline Burial Chapel, Stockholm. Photo B.A. Lundberg.

Table 8: Chemical analysis of Gotland sandstone and Öved sandstone. 
Oxide, weight %.

Gotland sandstone 
(14 samples)

Öved sandstone 
(1 sample)

SiOz 78.2 ±2.6* 81.2
AI2O3 6.1 ±1.0 8.6
FezOs 1.8 ±0.4 1.9
MnO 0.03 ±0.01 0.06
TiOz 0.32 ±0.05 0.42
MgO 1.30 ±0.34 0.92
CaO 4.3 ±0.9 1.5
KzO 2.0 ±0.3 1.7
NazO 1.0 ±0.1 1.4
P2O5 0.08 ±0.01 0.11
LOI** 5.2 ±0.7 3.5
Total 99.8 ±0.5 101.3

* Average ± standard deviation. ** Loss of ignition.
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from rainfall, due to adsorption of soot and other particles from 
the atmosphere. Chemical analyses have shown that these dark 
staining usually contains increased concentrations of sulphur and 
iron (Nord and Tronner 1991 c). The sulphur is commonly as
sumed to emanate from the atmosphere, which seems plausible in 
many cases. Certain types of stone, however, are themselves fairly 
rich in sulphur. With Gotland sandstone for example there are in
stances of sulphur also coming from within the stone, being trans
ported towards and adsorbed at the surface, as the sandstone con
tains local pyrite nests. This mineral, FeSz, oxidates in the presence 
of air and water. The sulphur then changes its valency from hy
drogen sulphide HS. (Sz ) to sulphate (SO4 (S6+) and is mobilized, 
while iron, when oxidized from Fe2+ to Fe3+, is precipitated in the 
form of very sparingly soluble oxihydroxides. In contact with car
bonate-rich rocks, SO2 reacts with calcite to form gypsum (CaS04 
x 2H2O). The reaction is catalysed, for example, by NO2, O3 and 
soot (Mangio 1991). In rain shadow, gypsum forms crusts and 
similar coatings on the stone surface. These crusts can remain for a 
considerable time before falling off. Hence, by time, the surface of 
the rocks containing carbonate disintegrates, due to matrix dissolu
tion. In an urban environment, formation of discolored gypsum 
crusts on Gotland sandstone is very common, for example the 
Karoline burial chapel in Stockholm and the Tranchell House in 
Landskrona.

Gotland sandstone, being a highly porous stone, absorbs water 
efficiently; precipitation of white salts is a common phenomenon as 
in the case of Tidö Castle, Västmanland, and the Karoline burial 
chapel. Algae and lichen colonisation is also frequent. In shaded 
and damp surroundings, growth of green algae can be troublesome. 
On the north portal of the Varnhem Monastery Church, algal 
colonisation set in less than two years after cleaning. Excessive 
algal growth also occurs at places like Skansen, Stockholm (the na
tional coat of arms from Gustav Ill’s opera house) and Ek Manor 
in Västergötland (lion sculptures). Quite generally speaking, algal 
growth seems to have increased during the past decade at the ex
pense of lichen growth, apparently because air pollution is still too 
high in densely populated environments. Lichen colonisation on 
Gotland sandstone, however, is very common in rural sur
roundings, e.g. on the churches and churchyard walls of southern 
Gotland. The lichen flora is calcophile, as the sandstone is fairly 
rich in calcium. The commonest lichen families are Aspicilia, 
Lecanora, Verrucaria, Caloplaca, Xanthoria and Candelariella 
(Tibell 1991). One species apparently having a highly detrimental 
effect on the stone surface is Lecanora atra, which appears mainly 
on vertical surfaces of calcareous materials, such as Gotland sand-
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Stone. When its body dies and drops off, a process which often 
begins from the centre, it tends to bring along part of the substrate. 
This phenomenon is widespread on churchyard walls and church 
walls in the south of Gotland (Sundre, Öja, Hablingbo).

Salts

Nearly 300 samples of Gotland sandstone have been examined by 
means of chemical analyses, mainly SEM (scanning electron mi
croscopy) and XRD (X-ray diffraction). The most common type of 
damage is transformation of calcite into gypsum. The gypsum crys
tals are usually needle-shaped and, usually, easily identified with 
SEM (Fig. 32). To quantify gypsum conversion on the surface of 
the stone (0-2 mm depth), we have defined a degree of gypsum for
mation (DGF) as follows: DGF = 100 x (gypsum,% by weight)/ 
(calcite + gypsum,% by weight). A number of DGF values are given 
in Fig. 33. The high DGF values for Kalmar, Karlskrona and the 
south of Gotland are probably due to dry deposition of sulphur of 
continental origin and only to a minor extent to local pollution 
sources. Similar DGF values are found in continental Europe (Nord 
and Tronner 1990 a, 1990 d, 1900 e, 1991 b, 1991 c, and Nord 
and Svärd 1991). The highest DGF average values have been

Fig. 32. Typical needle-shaped gypsum crystals on calcite-cemented sand
stone (Trinity church, central Stockholm).
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Fig. 33. Degree of gypsum formation (DFG; average values in%) at the 
surface of calcite-cemented Gotland sandstones. Values within parentheses 
refer to countryside districts (compare text). Illustration A. Nord.

recorded in Berlin, Warsaw, Krakow, Budapest and Rome. Detailed 
sampling of the Karoline Burial Chapel at the Riddarholm Church, 
Stockholm, shows DCF values of 70-80% in rain-sheltered posi
tions compared to 20-40% for rain-washed areas upon the faęade 
(see Nord and Säfström 1990, Nord and Tronner 1991 a). Air pol
lution makes the pale stone successively greyer, due to particles 
from wear of vehicle tyres and asphalt, but also various organic 
and inorganic particles (soot, sand etc.) being stirred up by wind 
and vehicular traffic (see Nord 1990 a, Nord and Tronner 1991 a,
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Fig. 34. Concentration profiles (wt%) for sulphur and iron in sample V- 
10 from the Riddarholm Church Karoline Burial Chapel (calcite-cemented 
sandstone). The mm scale indicates diastance from surface. Illustration A. 
Nord.

1991 b, 1991 c). Concentrations of iron, sulphur and carbon are 
much higher on the surfaces of the stone than inside it. Fig. 34 
shows a concentration profile. As a rule the concentrations of 
chlorine and phosphorus are also elevated at the surface, with 
values of 0.2-0.8% by weight compared to a normal value of 
<0.1% inside the stone. Measurements of stable isotopes are in 
progress in an attempt to define the origin of the sulphur etc. on the 
stone surfaces.

Gotland sandstone and other porous stone materials often show 
a surface coating of salts. Inorganic white salt precipitations have 
been analysed using SEM and XRD. So far (autumn 1991) a total 
of 34 different salts have been identified on building stone in 
Sweden, most of which are Gotland sandstone. Of these 13 are sul
phates, 12 carbonates, 5 chlorides and 4 nitrates (see Nord and 
Tronner 1990 b, 1991 a, 1991 c, 1991 c, Nord et al. 1991). Most 
are probably due to high atmospheric concentrations of SO2, sul
phates predominate both qualitatively and quantitatively; gypsum 
is the most common mineral in this group. Anhydrous calcium sul
phate, anhydrite, is sometimes found together with gypsum. This 
mineral is fibrous and fine-grained, and always occurs in low con
centrations. Sulphite concentration in salt crusts is always much 
lower than sulphate concentration, which indicates the rapid oxi-
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dation of sulphur in air. Salt crusts also commonly contain the an
hydrous mineral thenardite (Nai SO4). Sodium sulphate displays 
complex polymorphism (Nord 1974) and is somewhat hygro
scopic. Hydration results in the formation of the decahydrate 
mirabilite (a heptahydrate also exist). The transition from 
thenardite to mirabilite increases the specific volume by a factor of 
4.15, which induces a considerable mechanical stress inside the 
stone. The outer walls of the Karoline Burial Chapel contained, be
fore they were cleaned, large quantities of sodium sulphate 
(perhaps 100 kg), which caused exfoliation of the sandstone. The 
following chemical reaction can explain the formation:

Oxidation
2Na+(aq) + 2CL(aq) + SOz(g) + H20-----> NaiSO^s) + 2HCl(g)

Most of this sulphur probably comes from the atmosphere, but the 
origin of the sodium is less certain. There are at least four possibili
ties, viz:

(1) Sodium from groundwater entering the stone by capillary suc
tion.

(2) The spreading of salt (NaCl) on streets during winter.

(3) The possibility of the faęade walls having been treated with cle 
ning agents containing sodium, such as NaOH.

(4) Sodium release by the erosion of albite (sodium-rich plagio- 
clase) in the sandstone.

As far as the Karoline Burial Chapel is concerned, a combination of
(1) and (2) appears likely. The chapel is built directly on the 
bedrock and salts occur inside the chapel itself. Besides, we know 
that Gotland sandstone has fine capillaries and great capacity for 
absorbing water. The groundwater of the Riddarholmen may be 
partly brackish, due to brackish water occasionally entering Lake 
Mälaren from Saltsjön. In addition, road salt is distributed on Rid
darholmen, round the burial chapel, during winter.

We have also identified other sulphates, e.g. arcanite, glaserite, 
kieserite and so on. Some of these sulphate minerals, such as mer- 
callite and arcanite, are extremely rare under natural conditions. 
Several of these alkaline sulphates have not been found in their 
pure form but as complex mixtures of oxosalts. Syngenite, for ex
ample, was found together with gypsum, thenardite, arcanite,
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potassium sulphite dihydrate, potassium carbonate, calcinite, 
buetschliite and niter in the crypt of the Lund Cathedral.

Carbonates of different kinds are frequently formed. For ex
ample, soda, NaiCOs, is a key compound for porous stone types, 
as far as damage is concerned, because it forms three different 
stable hydrates with one, seven or ten water molecules. Carbonates 
are very common in salt crusts. They can possibly be caused by air 
pollution, in environments rich in carbon dioxide. However, they 
usually emanate from groundwater and surface water. They very 
commonly grow in damp places like crypts and cellars. Carbonate- 
rich solutions have probably been formed in environments with bi
ological degradation, in which case carbon dioxide has been re
leased and then precipitated when the carbon dioxide pressure has 
declined (analogously with calcite precipitations like travertine, for 
example). Trona [NaslCOg-ji-lHiOj is probably the most common 
alkali carbonate on building stone in Sweden. These somewhat hy
groscopic carbonates occur in a wide variety of forms (Fig. 35).

Chlorides are sometimes found on weathered stone, occasionally 
in large quantities. Chlorine is spread by wind from the sea but also 
by the combustion of fossil fuels, from garbage deposition and 
from industrial facilities. In addition, hundreds of thousands of 
tons of sodium chloride are spread every winter on Sweden’s roads. 
Sodium chloride often grows like beard or slender threads in damp 
cellars.

Fig. 35. Scanning electron photograph of hygroscopic sodium carbonates 
in a salt efflorescence on the Lund Cathedral. Magnification 1000 X.
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Figs. 36. Needle-shaped crystals of nitro kalite (KN03) observed in the 
crypt of the Lund Cathedral. Magnification 75 X.

A few alkali nitrates have been identified. In certain cases they 
may possibly be of atmospheric origin (air pollution) but the ma
jority probably orginate from surface and groundwater in agricul
tural areas (i.e. nitrates has been spread on the fields as artificial 
fertilizer). All nitrates dissolve readily in water, and so this group of 
minerals seldom occur outdoors on unprotected surfaces. The rare 
mineral darapskite [NastNOsMSO^HzO] was found with other 
minerals in the cellar of Tidö Castle. A SEM photograph of needle- 
shaped potassium nitrate crystals is reproduced in Fig. 36. HPLC 
analysis of water extract from Gotland sandstone in Stockholm 
Old Town revealed high nitrate values (0.3-0.5% by weight) near 
busy streets, whereas concentrations were appreciably lower 
(<0.2% by weight) in stone material from small streets with little 
vehicular traffic (see Nord and Tronner 1991 c). Oxalates and 
phosphates, finally, are extremely uncommon in salt crusts in 
Sweden.

Other sandstones prone to weathering

Another sandstone used regionally for building is the Öved sand
stone (Hedström 1908, Sivhed and Erlström 1990). Like Gotland 
sandstone, this is an impure, sub-arkosic, sandstone. It is homoge
neous yellowish-red in colour, of Upper Silurian age and has been

76



quarried in Central Skåne (the Övedskloster district). It was quar
ried mainly at the turn of the century and has been used for nu
merous large and ostentatious buildings (banks and villas) all over 
the south of Sweden, Stockholm included. It bears a very close re
semblance to the Orsa sandstone of Dalarna, which in some cases 
has been used as a substitute. Chemically, Öved sandstone is quite 
similar to Gotland sandstone, though with slightly less calcite 
content (Table 8). Mineralogically, it contains quartz and feldspars 
(potassium feldspar > plagioclase). The reddish colour of this rock 
is due to finely distributed red hematite. It has a matrix consisting 
of quartz and calcite, but siderite (FeCOs) also occurs to a certain 
extent. Mica minerals are often concentrated in thin horizons par
allel to the stratum. This stone frequently exhibits exfoliation 
damage in several generations, usually combined with sanding. 
Buildings with this kind of stone which have been conserved re
cently are Övedskloster Castle (built in the 1750s) but also the 
Main Post Office in Stockholm (conserved without assistance from 
RIK). Only six different samples from Övedskloster and the Post 
Office have been chemically examined. On the surface there is an 
increased concentration of sulphur, 1-2% by weight, as compared 
with <0.1 in the rock itself. Small quantities of thenardite were ob
served in some cases.

Other sandstones relatively prone to weathering/degradation are 
Köpinge-sandstone (Borrie and Bjäresjö churches) and Northwest 
scanian sandstone (e.g. Lund Cathedral), both of which have been 
quarried in the county of scania. Analysis of five specimens of 
Köpinge sandstone from Borrie and Bjäresjö revealed relatively 
high concentrations of calcium, i.e. calcite, in this rock. Despite 
substantial exfoliation of the faęades, the sulphur concentration is 
1-2% by weight, which indicates that atmospheric supply of sul
phur plays a relatively small role. According to Sundnér’s (1991) 
preliminary Malmöhus district inventory, it is the three discussed 
types of building stone (Gotland, Öved and Köpinge sandstone) 
which frequently display weathering damage. The more sensitive 
types can also be said to include the Lingulid sandstone of 
Västergötland (e.g. Forshem Church, Skara Cathedral), which, 
however, is significantly more resistant than the others we have so 
far mentioned. The Lingulid sandstone of Forshem Church has 
been chemically examined in detail (Nord et al. 1 990). A total of 
100 specimens, including 16 drill cores, were analysed. The main 
component is quartz; the sandstone contains less than 1 /o sodium, 
potassium, magnesium, calcium and iron, and the second most 
common component is aluminium. This rock shows a distinct ten
dency to develop a more or less blackened surface with the passing 
of time (cf also Kathol et al. 1990). In part this is clearly an inherent
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property of the rock; stone blocks in close position in Skara 
Cathedral, for example, can present very different degrees of black
ening. The discoloration is partly due to a concentration of iron on 
the surface. This rock includes pyrite, limonite and glauconite as 
primary ferrous minerals. When these minerals oxidate and are dis
solved, the iron is converted from bivalent to trivalent form. 
Trivalent iron, being very sparingly soluble, is precipitated near its 
source, frequently on the surface of the rock. Minerals with 
trivalent iron found in Lingulid sandstone include the yellow min
eral jarosite [KFeslSO^zlOHjć], which is very common on 
weathered surfaces. Amorphous oxyhydroxides frequently occur 
together with jarosite. Thus goethite and ferrohydrite have been 
identified by means of Fe Mössbauer spectroscopy (A.G. Nord 
and T. Eriksson, 1992). The concentration of sulphur on the 
surface of the sandstone is usually 1-2%, but in extreme cases it 
can be as high as 15-20% in thin, black layers with metallic lustre. 
These layers and their composition will be discussed in greater 
detail in a later section on research.

Weathering-resistant sandstones

There are some other sandstones which are relatively resistant to 
weathering. They include the Höör sandstone, which was quarried 
during the Middle Ages in Central Skåne and used, for example, in 
the Lund Cathedral. This stone mainly exhibits discoloration, due 
to the accumulation of black staining, which again seems partly 
due to its own, inherent properties. Some specimens of the Höör 
sandstone have been chemically analysed using SEM. The domi
nant material is quartz and the concentration of calcium is less than 
1%. On the surface of contaminated stone, the concentration of 
iron and sulphur is 2-3% by weight, partly due to air pollution. 
The Roslagen sandstone, ranging in colour from pale grey to red, 
was already in the Viking era used for runestones. From the Middle 
Ages onwards it has been used for buildings in the Mälaren region. 
It has been quarried in that region (Ekerö and the islands of Pingst 
and Midsommar), and also in Gästrikland (in the Storvik district) 
and, as boulders in moraine in Roslagen (hence the name). This 
quartz-bound stone is fairly resistant to erosion, though exfoliation 
does sometimes occur. The Roslagen sandstone from the socle of 
the Karoline Burial Chapel has been examined by SEM. It is a fairly 
pure quartz-cemented sandstone, with a composition resembling 
that of Höör sandstone. In some cases sulphur concentrations of up 
to 7% by weight have been recorded on the surface, which suggests 
heavy air pollution.
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Limestones

In principle, Sweden has only two native types of limestone used in 
buildings, namely Ordovician limestone and Gotland limestone. 
All other types are very subordinate and confined to Skåne. The 
most conspicuous effect of air pollution on limestones is the forma
tion of gypsum crusts in rain-sheltered positions. In warmer and 
drier climates like that in Italy, the crusts can become several cm 
thick. In Sweden, we have found thicknesses of this kind in Stock
holm, Kalmar and Helsingborg, but as a rule they are not common. 
The crusts can be spongy and porous, or they may consist of com
pact gypsum. Often they are covered by a thin layer of soot, dirt 
and organic compounds, which partly shelters the gypsum layer be
neath from being dissolved by rainwater. In Sweden, the surface is 
usually dirty grey, and only in exceptional cases it becomes black. 
It is pointless to calculate DGF values for these crusts, because they 
consist almost exclusively of gypsum and would yield values of 
90-100%. For the same reason, profile analyses from the surface 
are less interesting than in the case of calcareous sandstones. The 
surface concentration of iron is usually lower than in sandstones, 
viz 2-6% by weight as a rule.

Ordovician limestone has been and still is quarried in a number 
of places in Sweden, the most important being the Kornstad district 
in Eastern Skåne, along the western coast of Öland (Sandvik, 
Horns Udde), Västergötland (Kinnekulle), Östergötland (Borg
hamn), Närke (the Yxhult district) and the Brunflo district of 
Jämtland. The limestone varies a great deal in colour and appear
ance but contains fossil impressions of the dwelling chambers of 
octopi (“orthoceratites”). Geological experts can distinguish be
tween the different local materials and in this way identify the 
origin of a building stone. The types which have been of more ex
tensive, regional importance were from Öland (17th century, turn 
of the last century), Kinnekulle (17th century, turn of the last cen
tury), and Yxhult (turn of the last century).

The compact banks of this rock are 3-40 cm thick and are sepa
rated by argillaceous layers. Generally speaking the limestone 
banks are fairly resistant to weathering. The argillaceous layers, by 
contrast, weather fairly easily and become hollowed out in time. 
When the stone is placed with the clay layers horizontal, those 
layers eventually disintegrate. If, however, it is laid with the argilla
ceous layer in a vertical position, then the whole of the stone sur
face can be peeled off along the latter - a drastic object lesson in the 
importance of quality and dressing of the stone. Other forms of 
damage are the formation of gypsum crusts in rain-sheltered envi
ronments and also homogeneous weathering and exfoliation.
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Structural damage caused by wall plates etc. is also common. Or
dovician limestone in 17th century buildings in the Old Town of 
Stockholm has been chemically examined. Thin crusts of gypsum 
occur on it and surficial scrapings have yielded sulphur concentra
tions of 2-4% by weight, i.e. far less than for Gotland sandstone. 
Thicker gypsum crusts have been found in Kalmar on limestone 
from Öland, with sulphur concentrations of 14-20% by weight.

Gotland limestone can be divided into two types, viz stratified 
limestone and reef limestone. Whereas the stratified type is dis
tinctly stratified and often poor in fossils, the reef limestone is gen
erally made up of fossils of various kinds. These limestones have 
been mainly used on the island of Gotland (for churches, portals 
and reliefs) and in the southern Baltic region, from the Middle Ages 
onwards. On the mainland, Gotland limestone occurs, for ex
ample, in Stockholm from the 17th century. The fossiliferous types 
are taken to include the so-called Hoburg marble, which is really a 
limestone. This has a very distinctive appearance, with round, red 
crinoid stalks in a paler matrix. It was quarried almost exclusively 
at Hoburgen. Another highly fossiliferous type is the stromato- 
poroid limestone which was quarried in the Hejdeby area, east of 
Visby. These highly fossiliferous stones are characterized by their 
selective weathering, the reason being that the fossil has re-crys- 
tallised, forming compact, weathering-resistant sections in a soft, 
porous matrix. By time the surface of the stone becomes uneven: 
the fossil projects as erosion witnesses, indicating the original 
working surface. Some other Gotland limestones, such as the Nor- 
rvange stone, have pronounced cleavage planes instead. In time 
these stratified stones can present hollowing out of bedding planes 
(a type of selective erosion), when the softer, more argillaceous 
layers are dissolved or disappear. Specimens of Gotland limestone 
from a number of churches on the island - Väte, Hablingbo and 
Mästerby - have been studied. The concentration of sulphur of 
scraped specimens is 2-4% by weight, which means that gypsum 
has been formed on the surface through the degradation of calcite 
and, probably, dry deposition of atmospheric sulphur (see Nord 
and Tronner 1991 c).

Metamorphic rocks

Metamorphosis (elevated pressure or temperature) turns limestone 
into marble. Marble of a suitable quality for building occurs mainly 
in Närke (Ekeberg marble) and Östergötland/Södermanland (the
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Kolmården district, Brännlyckan, the Katrineholm district). Most 
of this marble is dolomitic, i.e. has a high magnesium content. 
Marble has mostly been used indoors, but it also occurs outdoors, 
as facing stone and columns. The Dramatic Theatre in Stockholm 
is built entirely of Ekeberg marble. This type of marble weathers se
lectively, the reason being that calcite or dolomite dissolved more 
readily than the frequently green-coloured serpentine minerals, 
mainly tremolite [CazMgsSigOiatOH)!], which eventually stand 
out from the surrounding carbonate mineral surface. Although the 
faęades of the Dramatic Theatre were last cleaned in 1988, the sur
face shows distinct traces of gypsum formation today, just a few 
years later, with sulphur concentrations of 3-5% by weight. In 
Göteborg, several of the marble plinths of statues (which include 
marble from Carrara in Italy) have a 2-4 mm thick encrustation of 
black, sooty gypsum.

Shale, especially clay shale, is a material which was formerly 
used a great deal for roofing. It was quarried mainly in Western 
Sweden (Dalsland, Värmland) and in Jämtland (Offerdal). Shale is 
still being quarried in the latter district, mostly for garden paving. 
As a general rule, this material is highly resistant to weathering, but 
we have not studied it more closely.

During the 19th century, granite rocks began to be quarried ex
tensively for building purposes, mainly as a result of German and 
Anglo-Saxon influence. About the turn of the last century, several 
churches and entire city nuclei (e.g. in Stockholm, Helsingborg and 
Sundsvall) were built in granite (Ringbom 1987). These buildings 
of silicate stone (granite and gneiss) are very well-preserved, with 
much less damage than the sedimentary materials (impure sand
stones, limestones). No close study of the extent and types of 
damage has been undertaken in Sweden, but it is obvious that the 
damage found on granite materials partly resemble those affecting 
sedimentary rocks. The most common types of damage are in
cipient detachment, and concomittant exfoliation. Black staining in 
rainshadow is not uncommon, combined in certain cases with ex
foliation, as on the granite columns of the Lund Cathedral. Chem
ical studies have also shown that granite material is affected by 
weathering and probably also by air pollution. Quartz grains 
studied by means of SEM frequently displayed blurred, frosty cor
ners. Less resistant minerals like feldspars and micas (biotitr) are 
converted into clay minerals and chlorite. On the surface are ele 
vated concentrations of sulphur frequently found, and in polluted 
areas the surface of the stone is often covered by thin black 
coatings. It is also clearly apparent that polished granite surfaces, 
for example, are more resistant to erosion than rough surfaces.
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Other materials

A number of artificial building materials such as mortar, lime ren
dering and cement, as well as concrete and brick, have also been 
chemically examined. Mortar, and usually rendering as well, is 
based on sand (quartz, feldspars etc.) in a calcite matrix. Older 
mortar can also include fibres and other additives. Different types 
of mortar have been used for centuries in stone and brick buildings. 
Calcite can react with acid air pollutants and form compounds 
with calcium, gypsum being the most common product of this 
kind. The DGF is generally lower than in calcite-cemented sand
stones. The main surface accumulations are iron, sulphur, soot and 
dirt. Sulphur can penetrate mortar to a relatively great depth, up to 
10 mm. Modern concrete is cement mixed with sand and gravel 
and usually reinforced with iron. Cement is a mixture of clay, lime
stone, gypsum and water, the final product mainly consisting of cal
cium aluminium silicates. Degradation of cement should also be 
followed up, because this material has proved less resistant than 
was earlier believed. The disintegration of cement includes the for
mation of water-soluble salts under the influence of acids, frost and 
damp. We have frequently come across calcite crusts on cement in 
damp buildings. Brick consists mainly of fired clay, mostly alumi
nosilicates with alkali metals, calcium and iron. Its composition 
varies a great deal with time and location, and chemically it is 
slightly acid. The impact of air pollutants on brick is probably quite 
small. Brick has been used in Sweden since the Middle Ages. Early 
types we have investigated seldom present any appreciable damage 
due to air pollution. Brick in damp places is sometimes coated with 
salt precipitation. In polluted surroundings, brick will acquire a 
thin black coating, but this is very uncommon in Sweden.

Conservation measures

Conservation may seem simple and straightforward, but in reality 
there are many stages involved. The first step is the selection of ob
jects. Previously, until the end of the 1980s, conservation was inau
gurated when a building/portal/sculpture was found, more or less 
by chance, to be severely damaged. Only in exceptional cases were 
more comprehensive conservation schemes drawn up. There was 
seldom any documentation before and after conservation work, 
and so we do not know which agents and methods have been used. 
When the stone department at RIK was set up at mid-year 1988, 
funds were made available for continuous conservation activities.
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Step by step the conservation procedure was expanded, at the same 
time as a number of private stone conservation firms were estab
lished. Routines were devised for selecting buildings and for annual 
purchasing from the private firms. This procedure is being gradu
ally adapted to purchasing regulations for the building sector. The 
routines are by no means fully evolved, but things are becoming 
more regularized.

At present (1991) work proceeds on the foilwing basic lines:

(1) Objects are selected on the basis of incoming requests from 
county and town/city museums, as well as local inventories of 
buildings compiled on behalf of the stone department. The aim is to 
compile a homogeneous, national inventory and documentation as 
a basis for future selection. This is to be achieved through the 
county-by-county inventories which began during the second half 
of 1991 under the direction of B. Sundnér. Those inventories are to 
be completed, and a final report is to be presented, in 1995.

(2) The conservation measure is formulated by means of documen
tation compiled by the RIK conservators, with some assistance 
from antiquarian and geological experts. This documentary base 
consists of a general description (photography included) of the 
object, the pattern of damage and the action proposed. Until 1992 
the conservation base has been founded exclusively on visual as
sessment, but, in response to requests from the outside conserva
tion firms and RIK’s own conservators, it is to be deepened in 
future. Inspection of the objects will include sampling of the stone. 
Analyses of these samples will supplement the written and pictoral 
description of the object and will furnish additional guidance for 
conservation work. In this way there will be less risk of hidden 
damage being overlooked. Archive records are to be examined in 
search for information on previous conservation work.

(3) After property owners have been contacted and discussions 
held within RAÄ/RIK, a final selection is made from the objects 
documented. A division is then made into two groups: the objects 
to be put out to tender, and those to be dealt with by RIK’s own 
conservators. A list of objects is circulated to the private conserva
tion firms for tendering.

(4) Before starting to discuss mending and possible reconstruction 
etc. we have to make a distinction between art and craft. Art is the 
expression of the artist, which in principle cannot be reshaped in 
the case of damage. Craft is the ability to form materials according 
to a certain (artistic) idea, and not necessarily individually related.
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The tenders received are opened and the contract awarded to the 
firm chosen. Until 1990 Sweden had only three private stone con
servation firms, in which the work is supervised by an experienced 
stone conservator. Therefore tendering involved little competition. 
Today, however, the number of firms has grown and the balance 
between supply and demand has improved correspondingly.

Practical conservation work takes place during the summer 
season (1st May to 30th September). Although every object is 
unique and requires specific treatment, conservation of portals and 
other decorative sculptures generally includes the following stages:

(5) First, a check is made to ensure that drain pipes and gutters are 
in perfect working order. Any cover of lead or copper on entabla
tures or capitals is checked and rectified if necessary, and the same 
goes for various types of protective roofing. In addition, a check is 
made to ensure that the object is not screened off by trees, climbing 
plants or other vegetation, which increases humidity and ac
celerates colonisation by vegetation. Generally speaking, every con
served object must in future be made the subject of a maintenance 
and inspection programme. This is a matter which, as far as possi
ble, should be attended to locally.

(6) Once the scaffolding has been erected, work begins by carefully 
documenting the damage of the objects. The different items of 
damage, their extent and distribution are plotted on previously pre
pared drawings. So too are previous repairs, surface treatment and 
re-carved sections, as well as historically interesting details such as 
masons’ marks and traces of colouring. The drawings are supple
mented with text and photographs; in special cases the photodocu
mentation is done by a professional (e.g. from the RIK photo
graphic department), though generally it is left to the conservators. 
Often new information emerges during the actual conservation 
process, e.g. information concealed under lichen or rendering. This 
too is recorded, together with data concerning where and how all 
the various conservation measures are carried out. At present, sam
pling for analysis takes place during the documentation phase. 
Samples of salts, crusts, black layers, previous surface treatment, 
mending materials and any traces of colourings are collected. Sam
pling points are plotted on the drawings. Chemical sampling con
stitutes one of the foundations for the selection of conservation 
measures. In future the intention is for sampling to be carried out 
when the conservation base is compiled, so that more complete 
documentation can be put out to tender and, accordingly, more ap
propriate action being taken (Fig. 37).
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Fig. 37. Photographic documentation and sampling, St Nikolai Church, 
Visby. Anonymous photographer.

(7) With the documentation step complete, the practical work of 
conservation begins. In the great majority of cases, the stone sur
faces are partly so brittle that the slightest touch causes loss of ma
terial, which is very serious indeed, especially when sculptured sur
faces are concerned. Areas of this kind therefore have to be rein
forced (preconsolidated) before they are cleaned. Silicic acid ester is 
generally used on sandstone, while on limestone about 2% par
aloid solution (methylethylmetaacrylate) can be added to the silicic 
acid ester so as to achieve a slight bonding effect. This treatment is 
repeated until sufficient strength has been attained. In some cases 
the preconsolidation referred to above is not enough and stronger 
glues of two-component type, such as epoxy- or polyester-based 
glues, have to be used.

If the surface of the stone exhibits damage in the form of exfoli
ation and there is a risk of continuing loss of surface layers, safety 
reinforcement is carried out. The types and concentration of glues 
will depend on the size of the exfoliated areas. Just as with precon
solidation, primarily weak glues which can be re-dissolved (e.g. 
paraloid), with two-component glue as a last resoit. The glue is in
jected beneath the surface layer, to attach it to the substrate (Fig. 
38). Often a detached surface layer has ragged edges which need to 
be smoothed. This is done with a soft repair mortar based on
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Fig. 38. Injection in limestone, Hablingbo Church, Gotland. Photo M. 
Gustafsson-Belzacq.

Gotland sandstone or limestone powder, lime and a small quantity 
of cement (Stenteknik AB). An acrylate dispersion added to the dry 
mortar makes it possible for the mends to be redissolved, e.g. in 
acetone.

(8) Cleaning is the next step. The main purpose of cleaning a stone 
surface is to remove the contaminants which are harmful to the 
stone material (e.g. gypsum, soot, salts, biological growth); aes
thetics are a secondary consideration. All cleaning, no matter how 
carefully done, involves wear and tear on the stone material. Con
sequently a balance always has to be struck between the amount of 
cleaning and the strength of the material. Cleaning methods vary, 
depending on the type and quality of stone, the type of coating to 
be removed and the status of the carved or decorated stone surface, 
the aim of course being to use the gentlest possible methods. Dust 
and other loose particles can normally be washed away with water, 
soft brushes and a scalpel. Sometimes 2% by volume of a neutral, 
biodegradable detergent with quaternary ammonium compounds 
(see Amorim 1990) is also added, and then carefully rinsed away 
after cleaning. Biological growth (algae, lichens, mosses) is elim-
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inated in the same way, and the surface of the stone can then be dis
infected with a biocide (e.g. a quaternary ammonium compound) 
to kill off the residues of vegetation in the stone.

Stains, gypsum crusts and previous surface finishes such as oil 
painting are removed with a clay covering based on bentonite clay 
and water. Solutions of one or more chemicals, usually ammonium 
hydrogen carbonate, are mixed with the clay and the mixture then 
applied to the surface of the stone. The clay is covered with plastic 
foil for one or more days, so that the coatings can dissolve and pen
etrate the clay before the water evaporates. When the covering is 
removed, the surface is brushed clear while being sprinkled with 
water. Clay covering with pure water can be used for removing sol
uble salts to a limited extent. After the plastic foil is removed from 
the packing, the clay on the surface of the stone dries and the salts 
which have migrated into it are precipitated there. After the clay 
has dried it falls off the surface or can easily be removed from it. 
Very often, cleaning and clay-covering have to be repeated several 
times in order to remove harmful components from the stone. This 
method has the advantage of being very gentle. On smaller, non- 
sculptural areas of adequate strength, water spray etc. can be used.

(9) Virtually all the objects a conservator comes into contact with 
have been restored/conserved on one or more previous occasions. 
This is apparent, not least, from previous repairs and re-pointings. 
Some of these are of unsuitable material which can cause secondary 
damage to the stone. One such example is the group of cement 
mortars, which were in widespread use for a large part of the 20th 
century. Cement is often too hard, especially for soft types of stone 
like Gotland sandstone, or for stone weakened by weathering. The 
problem is that cement joints are completely inelastic, so that ten
sions or slight movements in a building can produce cracks in the 
stone. Other types of repair and pointing mortar often used are 
plastic materials of the multi-component type, such as polyester 
resin and silicone. These are unsuitable and in many cases down
right pernicious. Wedges and spikes of iron have often been used to 
keep various parts in position. Iron, however, rusts and expands in 
a damp environment, which can cause cracking and, sooner or 
later, loss of material. In addition, rust precipitation causes consi 
erable discoloration.

Shoddy mends and joints are removed either manua y, wit a 
chisel and mallet, or with a pneumatic chisel. The stone surfaces 
thus uncovered are washed with water and a brush. In certain cases 
desalination should also be performed, so as to remove salts torn 
the building stone. Rusty iron is removed if possible, or else corro
sion-proofed with red lead oxide or oil.
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(10) Conservation of sandstone, and especially Gotland sand
stone, nowadays often includes complete consolidation. This is in
tended to replace a matrix which has eroded away and in this way 
to improve the strength of the stone. Silicic acid ester (Steinfestiger- 
OH, Wacker Chemie) is the consolidating agent used on silicate 
stones. This reacts inside the stone, and after a week or so an amor
phous silica gel skeleton is formed which connects the quartz grains 
without excessive clogging of the pores of the stone.

Silicic acid is commonly applied by brushing or spraying a solu
tion until the stone will not absorb any more (Fig. 39). It is ex-

Fig. 39. Consolidation of a Gotland sandstone memorial, using silicic acid 
ester. Björklinge Church, Uppland. Photo ]. Amorim.
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tremely important for consolidation to be done in the summer 
season and at a temperature exceeding +10C, and at the same time 
avoiding direct exposure to sunlight and rain. The amount of silicic 
acid applied varies a great deal, depending mainly on the porosity 
of the stone and its degree of weathering. Silicic acid has mainly 
been used in Sweden for work on sandstone, but it should also be 
serviceable for granites. Since weathered granite has little in the 
way of sculptural decoration, conservation work has rarely been 
performed on it. No unassailable, well-proven method yet exists 
for conservation of limestone and marble. Silicic acid conservation 
of limestone has been tested in the laboratory (Elfving 1991), 
added to which a number of existing limestone objects have been 
treated with silicic acid. This field work has yet to be evaluated. 
The only stabilization measure performed on limestone in Sweden 
nowadays is preconsolidation pending the invention of more effi
cient consolidation methods.

(11) Mending and pointing are done mainly for technical reasons, 
i.e. to fill in cracks and edges along exfoliated sections which are 
liable to be penetrated by water and damp (Fig. 40). In addition, 
the proper extent of reconstruction is a topic of discussion at pre
sent. One general standpoint is that sculptural details should only 
be reconstructed if this is technically justified. On the other hand, 
reconstruction of damaged architectural detailing (mouldings) is 
often considered justifiable, because these often play an important 
part in drainage as well.

The surface of the stone is mended with the same mortar as in the 
preconsolidation step, i.e. stone repair mortar with acrylate disper
sion added. The repair mortar is pigmented with lime-resistant dry 
pigment so as to blend with the colour of the stone surface. The 
grain size of the stone dust can be adjusted; it can be finished after
wards so as to harmonize with the surface of the stone. The major 
principle for repairs is to be integrated as closely as possible with 
the surrounding stone, but to be distinguishable at close quarters.

Loose pieces of stone are glued into position. If the pieces are 
large and/or located at a great height, strong glues are needed (see 
point 7). Sometimes dowels may also be needed. This is done using 
acid-proof, stainless steel dowels. Iron wedges which have been re
moved are replaced with lead or wood. Re-pointing is mostly done 
with hydraulic lime mortar, which is also pigmented when neces
sary. This pointing is soft enough to absorb movements, and it can 
easily be removed if necessary.

(12) Hydrophobing may be performed subsequently. This means 
creating a water-repellent surface. A hydrophobic surface must not
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Fig. 40. Mending Gotland limestone, Många Church, Gotland. Photo C. 
Bylund.

allow water in the form of rain from outside, but water in the form 
of vapour must be able to pass through it. Hydrophobing has been 
used mainly on porous stones such as sandstones. The product 
mostly used is based on silicic acid containing a water-repellent 
silane (Steinfestiger-H, Wacker Chemie). It is applied to the surface 
of the stone in the same way as consolidation agents. For dense 
rocks, e.g. certain limestones, micro-crystalline wax has been used 
to a certain extent. This wax can be administered in several ways. 
For example, it can be melted into the stone or dissolved in white
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spirit and applied with a brush. If melted, the wax gives the stone 
surface a much darker colour than it had originally. Opinions vary 
a great deal for and against hydrophobing. Some find that it affords 
good protection, while others maintain that it seals the surface of 
the stone, trapping salts and moisture and in this way causes rapid 
damage. Hydrophobe treatment is therefore conditional on the ob
ject not absorbing water by capillary suction or in any other way. 
Nor must the pores of the stone contain heavy concentrations of 
salt. It is very important that hydrophobed objects should be kept 
under surveillance, so that any secondary damage can be discov
ered quickly.

(13) Work done by the private firms is inspected on completion by 
stone conservators from RIK, with reference to the conservation 
proposals drawn up previously. The final result must agree closely 
with the predefined programme points and intentions. Technical 
and aesthetic qualities are evaluated. Repairs and additions must be 
consistently executed and closely integrated, in terms of both form 
and colour, with the object as a whole. The new measures must, on 
closer inspection, be distinguishable from the original. Detailed 
documentation of the additions is also of the utmost importance 
for this purpose.

In the event of departures being made from the conservation pro
gramme, due for example to new facts emerging in the course of 
work, the commissioner must be contacted before any alternative 
measure is carried out. Finally, the work has to be approved or, if it 
is not satisfactory, the points to be made good must be specified. A 
dated final inspection report is drawn up and signed by the in
spector. The same requirements apply to work done by the RIK 
conservators themselves, although in these cases it is not practice to 
draw up a final inspection report.

(14) Finally a written documentation report on the work done is 
presented to the commissioner, RAÄ/RIK. This report should be 
delivered before the end of the calendar year. In words, pho
tographs and drawings, it has to describe the status of the object 
before and after conservation and give an account of the products 
and methods employed. It is appropriate for a detailed product de
scription to be appended to the report. Any sampling and analyses 
must also be specified. In addition, the report should include a brief 
section on art history and materials, together with particulars of 
previous conservation measures. Data concerning the immediate 
environment, the position of the object, its exposure to sun and 
wind and the intensity of local traffic, as well as other pollution 
sources in the vicinity, are also of great value.
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The procedure thus outlined is what we hope to be able to adhere 
to consistently for the coming season (summer 1992). The objects 
dealt with between 1988 and 1991 have already been listed (Table 
7). The main stone materials treated are Gotland sandstone (15 ob
jects), Ordovician limestone (8 objects) and Gotland limestone (4 
objects). Other types of stone conserved include the locally occur
ring quartz-bound Lingulid sandstone of Västergötland (1 object). 
The mineralogy of this sandstone makes it a good deal more resis
tant chemically than, for example, the sandstone of Gotland. The 
main action needed, therefore, has been cleaning, and there has 
been less call for the stabilisation of damaged surfaces.

The three-year period has not seen any distinct development of 
instruments and methods. One urgent need at present is to improve 
the efficiency of the very time-consuming cleaning process, espe
cially when large architectural elements are involved. Testing and 
evaluation of technical aids such as high-pressure water flushing 
and sand blasting units, which are being rapidly introduced into the 
market, will have to be intensified. Both private firms and the RIK 
conservators employ much the same method for consolidating 
sandstone, especially the ordinary Gotland sandstone. The basic 
rule is total consolidation with silicic acid ester until full saturation 
is achieved, on the principle of “permanent flow”, i.e. supplying 
silicic acid to the object without interruption until saturation has 
occurred.

There are palpable problems involved in the consolidation of 
limestone, and instruments and methods vary from one conser
vator to another. RIK’s conservators preconsolidate with silicic acid 
and a small percentage of ethylmethylmetaacrylate (Paraloid B-72), 
and this, to the naked eye, produces a distinct and immediate rein
forcement of the stone surface, but the long-term effect of the 
method has yet to be evaluated. As regards subsequent cleaning of 
surfaces treated by this method, there are no indications of any neg
ative effects.

Hydrophobing of one kind or another is probably the nationally 
most hotly disputed issue at present. There are widely diverging 
opinions of its usefulness. For a short time, between 1987 and 
1990, treatment of Gotland sandstone was concluded, as a matter 
of routine, with hydrophobing (Steinfestiger H). Today (1991) this 
treatment is performed more sporadically, mainly on free-standing 
sculptures. Hydrophobing has been criticized mainly with reference 
to objects forming part of a larger complex, e.g. the portal of a 
building. There is a risk of moisture enclosed or adsorbed by capil
lary suction being blocked or migrating to other vital parts of the 
building, probably with adverse consequences. It is also important 
to note that hydrophobing is not reversible; that is, it cannot be re
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moved if it proves harmful. The rapid disintegration of our archi
tectural heritage also implies a growing need for a clearly stated 
restoration doctrine. Generally accepted principles are being chal
lenged and revised all the time. For example, far more recon
struction is being done today than just a few years ago. Two years 
ago hydrophobing was usual, now it is in principle banned, while 
waxing (with microcrystalline wax) gains more support. In other 
words, the conservation methods used in this country are far from 
fixed ( cf. e g Denmark and Switzerland).

No follow-up and evaluation has yet started on the conservation 
work done two or more years ago. This is due to the previous lack 
of documentation. During the coming year (1992) we intend to 
rectify this deficiency and carry out inspections, two years after the 
work was finished. In cases where acceptable documentation is 
available, we also intend to evaluate the results of earlier conserva
tions.

Research and development

Research with a bearing on sculptural stone relates to four main 
fields: efficiency improvement/time-saving through rationalized 
cleaning, adsorption and conversion of SO2 gas on stone surfaces, 
efficiency of consolidation and hydrophobing agents, and analysis 
of so-called black staining.

Cleaning has routinely been done by hand, using water and other 
liquid mixtures to soften the contaminated areas, after which the 
surface is treated with a scalpel or some similar tool. Often the 
most time-consuming operation is the removal of biological growth 
(algae, lichens) in the rural environment. YKI (the Institute for 
Surface Chemistry) acting on behalf of RIK, has experimented with 
enzyme treatment of lichen-covered stone surfaces in order to work 
out feasible methods. The results are presented in two reports 
(Vågberg 1990, Larsson and Kizling 1991). To begin with, pure 
laboratory experiments were performed, using various types of en
zyme on lichen-clad granite which was immersed in the test solu
tion overnight at room temperature. The experiment showed that 
the enzyme agent finizyme (containing the enzyme beta-glucanase, 
which breaks down cell walls) and neutrase (containing the pro
tein-degrading enzyme protease) were the most efficient lichen de
graders. The next step, therefore, was to apply these enzymes in 
more realistic conditions, i.e. to mix them with a thickenei which 
can be used outdoors on stone materials. Three different types of 
rock were now tested, namely Gotland sandstone and limestone
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and Stockholm granite. In most instances the enzyme finizyme was 
tested; the thickeners investigated were bentonite, agar, starch and 
hydroxylcellulose. The results obtained above all with bentonite 
but also with starch (paperhanger’s paste) were fairly good, but 
clearly inferior to those obtained in the laboratory when stone 
specimens were, quite simply, kept immersed in a solution of en
zyme and water. The results equalled or were slightly inferior to 
those of cleaning with conventional agents such as Raffex Stentvätt 
and Arrow Super Clean (see Amorim 1990). From this we conclude 
that the use of enzyme agents would not significantly accelerate 
cleaning, because covering of the stone surface with the best thick
ening agent, bentonite, is quite time-consuming. Presumably, more
over, several coverings would be needed. Further, enzymes work 
best at temperatures exceeding +20°C, which are rare in Sweden.

Adsorption and conversion of SO2 gas under variable atmo
spheric conditions has been investigated by R. Mangio, partly with 
support from RAÄ/RIK. Mangio (1991) has shown that SO2 
uptake in carbonate-rich rocks increases strongly with increasing 
NO2, O3 and soot content. SO2 uptake is dependent on flow rate to 
the surface of the stone; the deposition rate depends on the affinity 
of the surface for gas, which is controlled among other things by 
the specific area and its electric charge. In a multi-stage process of 
this kind, it is of course important to find the slowest step, which 
determines the speed of the whole process. Another type of study 
relevant to the degradation of carbonate-bearing stone material has 
been undertaken by Elfving (1991), who investigated penetration 
and bonding of silanes in carbonate-containing stone. In the labo
ratory, penetration by the consolidating agent was several cm in 
calcite-cemented sandstone, while the result for more compact 
limestone was less easy to ascertain. The hydrophobing agent, on 
the other hand, achieved little penetration of the stone (a matter of 
millimetres), due to its polymerized (large) molecules. The consoli
dating agent forms an amorphous gel in the cavities (cannot be 
traced by X-ray diffraction). The second stage was preparation (im
pregnation) of freshly sawn sandstone and limestone cubes for ex
posure in a gas chamber. Sulphur dioxide uptake was studied in 
stone impregnated with tetraethoxysilane and compared with the 
result for untreated stone. SO2 uptake declined appreciably (was 
just about halved) after treatment and was far greater at 90% rela
tive humidity (RH) than at 70% RF1.

Another research project has been carried out at the Conserva
tion Institute of National Antiquities. This concerns the composi
tion of thin black layers, primarily developed in polluted areas on 
non-calcareous stone materials like quartz-cemented sandstone, 
granite, brick etc. The layers are thin, 0.02-0.20 mm, compared to
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the thicker grey-black gypsum crusts growing on calcareous stones, 
or the spongy black coatings of biological origin. The extensive 
study embraces analytical techniques like SEM/EDX, XRD, XRF, 
ESCA, ICP/AES, FTIR, LRS (Laser Raman Spectroscopy), HPLC, 
DTA/DSC, GC-MS, elementary analysis (C, H, N), stable isotope 
measurements, Mössbauer spectroscopy etc. The results sum
marized here have been obtained from earlier reports (Nord 1990 
a, b, Nord & Ericsson 1992, Nord, Säfström &c Tronner 1990, 
Nord & Svärd 1991, Nord & Tronner 1990c, d, e, 1991 a, b, c).

Some selected SEM/EDX data of thin black layers and corre
sponding underlying undamaged stone are summarized in Table 9. 
As a rule, iron and sulphur are only weakly correlated at the sur
face. Additional data for hydrogen, nitrogen, and combustible 
carbon (soot, organic carbon) determined with Carlo-Erba ana
lytical instruments, and some metallic trace elements (from extrac
tions with nitric acid and ICP analyses), are occasionally included 
in the table. The effect of air pollution in industrial centres and 
heavy-traffic city centres is obvious. The combustible carbon origi
nates from soot (graphite) and organic compounds. In some Polish 
samples the amount of carbon was so large that the surface had an 
asphalt-like appearance.

Table 9: Concentrations determined for some stone samples.
Abbreviations: qs (cs) = quartz- (calcite-)cemented sandstone, 
L = limestone, m = mortar, b = brick, g = granite.

Sample Type Surface layer (cone. mg/cm2) 

Number 

(cf below)

Surface data Interior of the

(wt%; SEM/EDX) undamaged stone

C H N Pb V

RHK-3 qs i 1.47 0.46 0.15 1.77 0.03
SB-3 qs 2 2.03 1.82 0.01

S-9 qs 3 1.68 1.96 0.01
LRK g 4 1.62 0.01

TK-5 L 5 1.12 0.01
Ta-1 g 6

FG-1 qs 7 0.22

UF-12 qs 8 0.26

90-3 B qs 9 0.18 0.00 0.008

K-22 qs 10 4.12 0.90 0.18

Kw-5 cs 11 7.66 1.56 0.62

Kw-22 m 12 4.76 1.59 0.44 1.04 0.01

Kw-14 b 13

Bx-10 L 14 2.34 0.63 0.18 0.01

Cr Fe S Cl P Fe S Cl P

0.10 13.4 3.9 0.0 0.6 4.3 2.3 0.0 0.2

0.006 12.6 2.0 1.2 3.3 1.8 0.3 0.2 0.2

0.001 5.7 1.5 0.0 2.8 1.6 0.2 0.0 0.1

0.01 9.4 1.9 0.1 0.1 1.6 0.2 0.0 0.1

0.01 2.8 26.7 0.2 0.2 0.5 0.2 0.0 0.0

3.8 3.2 0.4 0.4 1.3 0.0 0.1 0.1

11.4 1.6 0.0 0.0 0.4 0.1 0.0 0.0

19.6 3.1 0.2 2.1 9.4 1.2 0.1 0.5

0.003 22.1 7.8 0.1 0.5 4.1 3.3 0.0 0.3

22.3 2.7 0.7 0.2 3.0 0.9 0.3 0.0

6.8 7.6 0.9 0.9 3.8 2.3 0.0 0.0

0.01 5.6 8.0 0.4 0.9 0.4 0.1 0.1 0.0

7.4 2.1 0.1 0.7 5.1 0.2 0.0 0.3

0.01 13.7 7.0 0.5 0.4 1.9 2.0 0.4 0.4

Locations: 1 The Riddarholm Church, central Stockholm; 2,3 4: The Royal Palace, 
Stockholm; 5: Trinity Church, central Stockholm; 6: Tanum rock carvings, Bohus
län, Sweden; 7,8: Forshem Church, Västergötland countryside, Sweden; 9: Jarneklev 
quarry, Västergötland; 10: central Krakow, Poland; 11: Katowice; 12: Zabrze, 
Chorzów, Poland; 14: Cathedral St Andre, Bordeaux, France.
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By GC-MS as many as 93 different organic compounds like alka
nes, polyaromatic hydrocarbons (PAH’s) etc. were identified in a 
sample collected from the Riddarholm Church. This is close to the 
Central Bridge in Stockholm, which is used by approximately 
100,000 vehicles/day. Almost all the organic constituents originate 
from traffic. On the other hand, only 14 organic compounds were 
identified in a sample from the Swedish countryside (Forshem 
Church, Västergötland), and 60 organic constituents in a sample 
from central Krakow in Poland. By FTIR/LRS spectroscopy, larger 
organic molecules in particles from the wear of car tyres or asphalt 
have been identified on building stone in Central Stockholm.

The scanning electron microscope has also revealed the presence 
of small eroded spheroidal particles rich in calcium, aluminium, sil
icon, oxygen and sometimes carbon (cf. Fig. 41). These particles 
originate from the burning of oil. Small non-eroded spherical par
ticles formed by the burning of coal were instead often found in the 
Polish samples. Especially in SW Poland, with many metallurgical 
industries, small particles rich in iron could be identified by 
SEM/EDX.

The iron concentration in a typical thin black surface layer is 
much higher than inside the underlying damaged stone (cf. Table 
9). This iron, however, partly originates from secondary iron-rich

Fig. 41. Eroded spheroidal particle observed on quartz-cemented sand
stone on the Riddarholm Church, central Stockholm. This particle, rich in 
calcium, silicon, aluminium and oxygen, is formed upon the burning of oil. 
Magnification 2000 X.
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minerals inside the stone, but also from atmospheric pollution. 
Most iron compounds present in black layers are amorphous and 
do not give any X-ray diffraction pattern. Mössbauer spectrometry 
measurements have verified the major iron constituents to be ferri- 
hydrite (CS=0.37 and QS=0.64 mm/s) and goethite (CS=0.27 and 
QS=0.38 mm/s), but we have also identified jarosite 
[KFe3(S04)2(OH)6], CS=0.38 and QSM.22 mm(s] and magnetite 
(Fe.304, complex magnetic spectrum). We conclude that iron oxide 
hydroxides in combination with soot and other dirt are responsible 
for the black colour. ESCA analyses of a sample from the Rid- 
darholm Church (RHK-3) reveals the following chemical binding 
in thin black layers: Carbon - graphite and aliphatic carbon; Phos
phorus - inorganic orthophosphates; Sulphur - inorganic sulphates 
and organic compounds and Iron - mainly trivalent iron.

The concentration of chlorine and phosphorus are also increased 
at stone surfaces due to air pollution, the former also from de-icing 
of roads in winter, and from the sea.

To sum up, the thin black layers on non-calcareous building 
stone in polluted areas may consist of more than a hundred dif
ferent compounds. The major components are silicate minerals, 
iron oxide hydroxides, soot (carbon), sulphates, chlorides, and 
phosphates. Minor constituents are metal particles, car tyre rubber, 
asphalt particles and organic compounds mainly from traffic. Soot 
and iron oxide hydroxides seem to play the most important role in 
giving these layers a black colour. Naturally, the mixed composi
tion implies difficulties in removing the layers. Apart from being 
unaesthetic, the layers act as hydrophobic sheaths which prevent 
the underlying stone from “breathing”. Moisture may accumulate 
behind the black layer, finally causing the surface to disintegrate 
and/or exfoliate. To remove these layers is therefore the ultimate 
goal. This will be a central theme in the future.

The research discussed in the rock carving section is also relevant 
in connection with degradation of decorative sculptures/portals.
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Stone - The state of 
research and the outlook 
for the future
Rune Löfvendahl

Action Flan ’87

This action plan (Anonymous 1987) forms the starting point for 
RIK’s activities and was formulated by RAÄ/SHMM in consul
tation with the National Environment Protection Board (SNV). 
The plan implicitly assumes that anthropogenic emissions in the at
mosphere are a very important factor for the deterioration of the 
architectural and cultural heritage, and it is therefore assumed that 
measures for restriction of emissions will be presented in future. 
The funds provided are to be concentrated on the following five 
areas:

□ Inventory and documentation.
□ Protection and conservation.
□ Research and development.
□ Education.
□ Follow-up, co-ordination and information.

The action programme provides for both general collations of ma
terial and in-depth inventories. Buildings and stone sculptures, es
pecially sandstone and limestone , are to be given priority, as being 
most threatened. A special documentation programme is to be in
cluded to provide future input data.

Protection and conservation are to be a central part of the plan. 
The ultimate goal will be to maintain and maximize preservation 
and lifespan of the objects.

Research and development are to go hand in hand with inven
tory and conservation activities, which will also be covered by the 
funding received for protection and conservation. In addition, re
search of a more general character is needed. The fields thus in
vestigated should include the weathering factors affecting building
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Stone (degradation, climatological and biological impact), material 
ecology, and the development of methods for documentation, ana
lysis and conservation.

Personnel education is to be intensified. The Central Board is to 
be made nationally responsible for follow-up, co-ordination and 
information concerning the effects of air pollutants on the cultural 
heritage. Computerized information systems should be built up.

For the period 1988—91 (the first three-year period):

□ Inventory and documentation measures are to be concentrated 
on the first year, after which they will continue on a lower level,

□ Grants for protection and conservation are to be stepped up as 
knowledge improves,

□ There is to be a rapid build-up of resources for follow-up, co-or
dination and information.

Action plan ’90

“Action Plan ’90”, presented by RAÄ/RIK (Lindborg 1990) prepa
ratory to the second three-year plan, gave an account of results and 
conclusions for the first two years. It was observed that no signif
icant deacceleration of the disintegration of the cultural heritage 
could be demonstrated, despite a reduction of atmospheric sulphur 
concentrations. Gotland sandstone is the dominant type of stone 
for decorative sculptures in large parts of the Baltic region. In many 
cases this stone shows substantial weathering damage, and in cer
tain cases decorations from the 17th century have already been de
stroyed. A number of topics of inquiry in the stone sector were also 
presented, relating to damage, erosion and conservation methods.

Activities 1988-91

Looking back on conditions as they were in 1988, what conclusion 
can be drawn? How far have we progressed, what remains to be 
done and how will we continue from here? What are the main is
sues in the future?

Taking the five main areas one by one, the following picture 
emerges.

(1) Inventory and documentation: Action Plan ’87 anticipated that 
this stage would be completed as rapidly as possible (1988-89) and 
then gradually scaled down. We can see today that things turned
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out quite differently. Since neither knowledge and background nor 
sufficient personnel resources were available, we have not been 
able to accomplish what was intended. Local surveys of buildings 
and quarries were conducted during the first three years. The tech
nique for documentation of objects, and describing damage has de
veloped continuously. It was not until 1991 that a national inven
tory was begun with the purpose to locate all stone buildings and 
decorative sculptures. This first stage is to be followed by a de
scription of damage and by documentation in greater depth. Plans 
are in preparation for establishing a number of buildings which will 
serve as reference (monitoring) sites. Effects of conservation by va
rious methods are to be studied in the laboratory and in the field.

The past three years have shown the kind of damage sustained 
by different stone materials. Gotland sandstone is being degraded 
in both rural and highly urbanized localities. We are not yet in a po
sition to say with absolute certainty how large a proportion of this 
disintegration is due to air pollution. The main criteria of air pollu
tion are the occurrence of gypsum crusts (assuming the sulphur to 
have reached the surface of the stone from the atmosphere), the for
mation of black layers (soot etc. from the surroundings) and the ab
sence of lichens (which will not grow in an urban environment with 
high levels of air pollution). General data concerning specific stone 
materials from all over Sweden do not yet exist, and so a statistical 
evaluation will have to wait.

Other types of sandstone seriously damaged by weathering are 
Öved sandstone and a number of more local stones in Skåne 
(Northwest Skåne sandstone and Köpinge sandstone). Roslagen, 
Höör, Lemunda and Lingulid sandstones are more resistant to we
athering. Unlike the first mentioned types, the latter are pure quartz 
sandstones. Capillary uptake of highly saline groundwater often le
ads to precipitation of salts, with concomitant damage.This type of 
damage, which is often serious and may require action, has little to 
do with air pollution.

Two types of limestone predominate in Sweden as building ma
terials, namely Gotland limestones and Ordovician limestones. As 
far as types are concerned, the choice of good material and correct 
preparation is crucial. In many cases, second-rate stone has been 
used, with serious consequences. The Gotland limestones were 
used a great deal during the Middle Ages and at the turn of the last 
century. The types of damage commonly occurring are gypsum 
crusts and selective weathering of softer bedding planes. Ordovi
cian limestone has been used since the Middle Ages, and above all 
perhaps at the turn of the last century (c. 1900). Gypsum crusts, se
lective weathering of clay layers and exfoliation are common types 
of damage. The damage on limestone appears to be partly caused
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by air pollution, often in combination with inaccurate preparation. 
In many cases the damage has been accelerated by the poor quality 
of the stone. Granite materials in buildings have sustained slight 
damage, most often in the form of staining and incipient exfolia
tion. Many granite rock-carving faces, on the other hand, present 
substantial damage, above all in the form of selective weathering 
(relief weathering), exfoliation and abundant biological growth (al
gae, lichens).

Generally speaking, the link between air pollution and degrada
tion remains uncertain, even though polluted environments ob
viously have an adverse effect on stone. This is a highly complex 
problem. An unassailable evaluation is impossible without compre
hensive documentation, added to which more refined methods of 
analysis are needed in order to demonstrate and isolate pollution 
and understand its impact on the stone.

(2) Remedial measures and conservation have grown uninter
ruptedly since 1988. The methods and instruments used mostly em
anate from the Continent (Italy, Germany). Those nations are re
search and market leaders, because they have objects which are 
much older and far more numerous and, moreover, are blessed with 
superior economic resources. As regards remedial work, it is above 
all cleaning and consolidation for which better and more rational 
methods are needed. Remedial work is preceded by a fairly com
prehensive documentation of materials and damage. All measures 
taken are recorded in a final report, which on average is budgeted 
at 10% of the total cost of reinstatement.

Cleaning is the most extensive and expensive stage, nearly al
ways accounting for more than 50% of total work input. New met
hods are being introduced all the time, such as various kinds of 
high-pressure flushing, curtain washing, vacuum washing and ot
her more or less automated methods. Our general aim is to use the 
most lenient methods, work with water as our solvent and with 
various types of clay covering.

For sandstones we generally use consolidating agents based on 
silicic acid. Studies abroad and at the Chalmers University of Tech
nology (CTH), Göteborg (Elfving 1991) have shown that these 
preservatives penetrate the sandstone and join its quartz skeleton 
without forming an impenetrable barrier to water molecules. 
Transport of solvents like water in heterogeneous stone matrices, 
however, is a complex phenomenon, and we have not yet started 
preparatory testing in a laboratory environment.

We do not have an entirely satisfactory methodology for lime
stone consolidation. For more porous types we make partial use of 
silicic acid esters. Penetration depth and bonding, however, are less
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effective than in sandstone. For dense, compact limestone there is 
no satisfactory consolidation method known.

Hydrophobing with microcrystalline wax is becoming in
creasingly common. The effects have yet to be evaluated, but this 
method affords temporary protection. One palpable aesthetic 
problem is the colour changes caused by waxing the surface of the 
stone. If the wax is applied, the surface of the stone becomes dar
ker, in colour.

No conservation work has been done on granite in buildings. 
Most remedial work concerns runestones and rock carvings and is 
mainly confined to cleaning, mending of cracks and painting-in. In 
the future, however, a number of rock carvings will require conser
vation.

(3) Research proceeds parallel to other activities. Up till now it has 
been concentrated on the effects of SO2, NO2 and O3 gases and 
soot on rocks and minerals, conserved stone included. The impact 
of aqueous solutions on mineral surfaces, feldspars especially, is an
other topic of investigation. In addition, chemical field studies are 
being made of dry deposition, precipitation and surface water on 
the faces of rock carvings (Department of Geology and Geochem
istry, Stockholm University), exposure of stone and metal plates at 
the Royal Palace (National Institute for Building Research and the 
Corrosion Institute), exposure of marble surfaces at seven different 
European sites (Department of Conservation, Göteborg Univer
sity), the impact of frost and saline solutions on stone (the Depart
ment of Building Materials, Institute of Science and Technology, 
Lund University) and the development of laser technology for defi
ning the microtopography of stone surfaces (Department of Geog
raphy, Karlstad College).

(4) Personnel training has proceeded continuously at RIK and in
volves contacts with materials researchers and conservators. Extra
mural training for RIK conservators will have to be intensified. The 
Stone department has especially co-operated with the Analytical 
and Photography departments on the development of sampling and 
analytical procedures and for qualitative and quantitative stan
dardization of photographic documentation. Comparisons with 
previous photographs have in many cases revealed a relatively swift 
disintegration of decorative sculptures and rock carvings. Per
manent contact is being maintained with institutes and organ
isations in Germany, Norway, Denmark, Latvia and Poland. An in- 
house course on stone materials has taken place, combined with an 
excursion, and staff members have attended Swedish and interna
tional conferences.
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(5) Follow-up, co-ordination and information are to be intensi
fied.Contacts have been established with the counties of Sweden 
and data collected from them for the selection of objects for rein
statement. At mid-year 1991, work began on a national inventory 
of stone buildings. The actual inventory work is being done by 
county personnel. RIK has had extensive contacts with news media 
(the press, radio and television). Verbal and written information on 
RIK’s activities needs.to be further expanded in future.

Future direction of activities

We expect the following fields of activity to be of prime concern for
the coming five years:

□ Nationwide inventory of stone buildings. As a first step, a coun- 
ty-by-county inventory is being compiled of the stock of building 
stone. This is intended to result in practically all stone buildings 
and sculptural stone objects being located and identified. This 
part of the operation is scheduled for completion in 1993. Stage 
2 of the national inventory will involve damage description and 
documentation in greater depth. This part of the operation will 
form the basis of an evaluation of damage and its causes and is 
to be completed in 1995. The inventory will lead to the most se
verely damaged stone buildings being selected for reinstatement 
proposals and subsequent conservation measures.

□ Quarry and stone-material inventories of Proterozoic (Gävle, 
Mälaren, Roslagen and Dala) sandstones are to be carried out 
and completed in 1992. With this, the inventories of Swedish 
sandstone, limestone and marble quarries will be virtually com
plete. We then have to decide if inventories of shale, soapstone, 
diabase and granite rocks should be done or not.

□ Material data (chemical, mineralogical, physical) must be de
fined for the main Swedish building stones. A standard is being 
worked out by RIK on EC lines, in collaboration with university 
departments in Göteborg and Lund (see Grimm 1990).

□ Sampling and analysis of damaged stone material as a basis for 
reinstatement should be standardized by RIK (more exactly, by 
the Analytical and Stone departments jointly). A suitable method 
should be developed for the in-situ leaching of highly soluble 
components on damaged stone surfaces. Solution analysis in
cludes the identification of inorganic phases (XRD, SEM-EDX) 
and of the surface treatment agents employed (both organic and 
inorganic).
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□ The microtopography of the stone surface is to be defined by me
ans of laser-scanner measurements (this applies to both hori
zontal, sloping and vertical surfaces), because surface topogra
phy provides a good measure of the extent of degradation: the 
greater the weathering, the rougher the surface. The laser in
strument can also be used for re-measuring the same surface at 
regular intervals and in this way quantifying the degradation 
rate.

□ Expanded and recurrent photographic documentation, as a me
ans of monitoring changes and timing remedial action correctly, 
is an important adjunct to laser-scanner measurements.

□ A small number of “monitoring stations”, on the lines of the En
vironment Protection Board’s PMK programme, are to be estab
lished for Gotland sandstone in both rural and urban environ
ments. These stations will be used for recording the main meteo
rological parameters and documenting changes in the stone sur
faces.

□ Intensified internal training is to be provided in-house in the 
form of short-cycle courses (problems of damp, characterization 
of materials, conservation methods) for our personnel. External 
training will be provided for inventory and other local staff.

□ Previous conservation measures will be followed up and eval
uated and well-documented objects subsequently inspected at 
regular intervals.

□ Documentation data and damage images will be transferred to 
computer registers; these will be evaluated statistically and mea
sures proposed for slowing down degradation. This should also 
lead to proposals for reducing emissions and identifying prob
lems.

One lesson to be drawn from the past three-year period is that clo
ser attention needs to be paid to questions of maintenance. Local 
supervision and continuous maintenance of among other things 
drainage and the removal of shading trees must be given priority. 
And as knowledge improves, it must be disseminated in speech and 
writing.
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Archaeological objects 
in soil
Gunnel Werner

The purpose of this study was to improve the state of knowledge, 
as a basis for assessing the risks of further degradation and destruc
tion, through ongoing acidification, of archaeological material in 
the soil.

Another question asked was whether, acidification notwith
standing, the material is still more safely preserved in the soil than 
in what are frequently unsatisfactory storage and exhibition premi
ses.

The material in question mainly comprises bronze and iron, but 
bone material too may conceivably be affected.

We have carried out a series of pilot studies of bronze artifacts, 
combined with soil analyses. We have devised a procedure for mea
suring the extent to which artifacts are corroded. For a cross-sec
tion of the artifact, the degree of corrosion is assessed as the area of 
corrosion in relation to the total cross-sectional area of the artifact.

Studies of literature and the results of our own investigations 
show conditions in the soil to be highly complex. It is not possible 
to obtain an unambiguous relation between degree of corrosion 
and, say, pH. Instead an important part is probably played by fac
tors such as type of soil, salinity, aeration and position in relation 
to the water table.

A wider study is therefore needed and one began in the autumn 
of 1991. This project is a joint venture by the Central Board of Na
tional Antiquities, outside corrosion specialists and the Swedish 
Environment Research Institute also taking part. In addition, we 
are investigating interest abroad in collaborating on the difficult 
questions involved by soil corrosion.

Background

Archaeologists believe they have noticed that iron objects and even 
skeletons excavated from ancient monuments are now less well-
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preserved than objects which were studied in the 1950s. Similar ob
servations have also been made in other European countries (1). 
The question has therefore arisen as to whether the continuing 
acidification of the soil has an accelerating effect on the deteriora
tion of artifacts still in the ground.

Since the properties of soil are of significance for the corrosion of 
metals, it is important to establish where and how the archaeo
logical graves are situated. It can be stated that most graves from 
the Bronze Age and onwards are situated on rock ridges and mo
raine ridges. At the end of prehistory the graves were located on lo
wer areas. It is important to bear in mind the variations of graves: 
cairns, stone settings, mounds, pits, sometimes with no visible re- 
mainings on the surface, and inhumation graves.

The filling between the stones in graves varies from gravel, sand, 
sandy soil to silt but not so often clay. This filling is the closest en
vironment of the finds in the grave. The objects’ contact with va
rious organic and inorganic substances from other items in the gra
ve also has a bearing on the assessment of corrosion. The location 
of the find concentrations varies between approximately 20 and 70 
cm below ground level.

The objects in graves are mostly cases located above ground wa
ter table in soils which are very permeable to water and oxygen. 
Capillary water can reach the objects, which are then exposed to 
both water and a rich supply of oxygen, two important parameters 
for corrosion. In most cases moraine consists of poor soils which 
have little buffer capacity and are therefore easily affected by acid 
precipitation.

The results of a number of measurements in southern Sweden 
show that the pH value has decreased by approximately one pH 
unit in 25 years and another study has shown a decrease of 0.7-0.8 
unit (equivalent to an increse in the hydrogen ion concentration by 
a factor of 5 - 6) in 35 years (2, 3).

In recent years studies have been made to see whether the in
creasing soil acidification can increase the risk of corrosion on mo
dern structures and objects in the soil (4, 5).

Archaeological bronzes often have a rather thick crust of green 
corrosion products — a copper salt. If a bronze object corrodes in 
sandy soil where the level of oxygen and carbonate ions is high, a 
basic copper carbonate, malachite, forms. This is very common in 
Swedish soils (6, 7).

The malachite produced by corrosion is stable under certain con
ditions. If the pH value drops, the copper ions in the copper car
bonate will dissolve and diffuse into the earth.
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Laboratory studies on archaeological bronzes

The laboratory studies that we have carried out comprise analysis 
of the corrosion products and the composition of the alloys from 
15 objects from different places in Sweden and also of the soil in 
which the objects have been embedded. We have also tried to find 
a relation between the chemical and physical composition of the 
soil and the corrosion of the bronze objects. In addition to this, 36 
bronzes from a burial ground in Norrsunda Parish in Uppland have 
been studied ocularly with respect to the degree of corrosion (Figs. 
42, 43, and 44).

The soils have been analysed with respect to the contents of chlo
ride, sulphate, sulphur and organic substances in the form of car
bon and also with respect to the resistivity and pH.

The pH value of the soil was plotted against the observed degree 
of corrosion. A high degree of corrosion has been measured at both 
low and high pH values.

The most corroded objects, on average, come from Grödinge 
and Vinberga, where the pH value is lower than in other parishes. 
In all cases the soils are sand, sandy soil or silt.

Fig. 42. Bronze objects from the Parish of Norrsunda, Uppland. A sample 
has been taken from the left bronze bar by grinding down one of the end 
surfaces about 5 mm. Photo G. Jansson.
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Fig. 43. Metallographie cross section of specimen from the previous pic
ture. The bar is about 4 mm in diameter. Photo G. Jansson.

The result of an ocular study of the bronzes from Norrsunda 
(7th century AD) shows objects both with a very slight degree of 
corrosion and those completely mineralised.

This study shows the difficulty of determining what is decisive 
for the corrosion rate. The method of manufacture can influence 
the corrosion process, as can the metallic content of the alloy.

Fig. 44 (next page). Scanning electron microscope image of the previous 
specimen. Areas where the concentration of the various elements exceeds 
certain chosen levels are indicated by distinctive colouring.
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Objects in indoor 
environments
Jan Gullman

The purpose of this project is to create a solid scientific basis for 
measures to preserve historical material indoors from destruction 
and degradation. The main focus of attention is on questions re
lating to the preservation of metal objects.

The effect of the environment on the degradation of materials is 
not only an outdoor problem. The exhibits in museum stores and 
displays are also subject to degradation. The Central Board of Na
tional Antiquities (RAÄ) has taken steps, together with the neces
sary experts, towards laying down guidelines for climate and toler
able levels of pollution in museums and indoor environments of 
historic interest.

The detailed consequences of different concentrations of harmful 
air pollutants, in indoor air, in terms of the long-term degradation 
rate, are very incompletely known. This gap in our knowledge con
cerns, not least, possible synergism of different harmful substances.

There have been very few characterisations made of air quality in 
museums or in other environments of historic importance. Nor 
have any extensive studies been made of degradation rates for va
rious materials in such environments.

On the other hand there are many scattered, published data on 
points to be observed in the creation of a good storage environ
ment. These appear, on the whole, to be reasonable, but in many 
cases they are not based on proper scientific documentation This 
applies concerning both degradation risks and the efficacy of pro
tective measures. . ,

The air pollutants expected to have a negative impact include
those involved in the degradation of objects outdoors, viz sulphur 
dioxide and nitrogen oxides. But there are also other corrosive sub
stances which are formed by the ageing of structural materials like 
wood, polymers and so on. These are liable to cause damage above 
all in poorly ventilated spaces. For the blackening of silver and cop
per, the atmospheric concentration of certain sulphur compounds, 
such as hydrogen sulphide and carbonyl sulphide, is of crucial sig
nificance.

8-L4
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The corrosion rate of objects in indoor environments varies a 
great deal, depending on the materials concerned and the corro
sion-conditioning factors involved.

□ Some archaeological iron objects can disintegrate entirely in a 
few years, the reason being that corrosion processes in chloride
bearing iron objects can become extremely rapid even at rela
tively moderate levels of air humidity.

□ Silver objects, on the other hand, can sustain a corrosion attack 
corresponding to a few hundred or thousand atomic layers with 
a coating of corrosion products after the same length of time and 
in the same environment.

This is not to say, however, that silver corrosion can be disregarded. 
On the contrary, blackening of silver is a big problem in many mu
seum collections. Polishing abrades the objects, as well as requiring 
heavy work inputs.

So far two sub-projects have been carried out within RIK. One of 
these concerns corrosion damage to coins in the Royal Cabinet of 
Coins and Medals (KMK), the other an assessment of the aggres
siveness of the environment in the Goldsmithing gallery of the Na
tional History Museum (SHM). The measures taken comprise con
servation of objects in the exhibition concerned and analysis of cor
rosion products on copper coins, as well as conservation of objects 
in KMK (Norgren 1988) and in the Goldsmithing gallery of SHM 
(Werner and Fernström 1989).

In connection with this practical work, investigations have been 
made of the environments in two museums and at Stockholm Pala
ce, together with their effects on silver and copper metals (Gullman 
1991 a). The air pollution levels were found to be low for the gases 
analysed, viz SO2, NO2, H2S and CI2. Even so, silver objects darken 
rather rapidly in one of these environments.

At KMK, it was found that the worst damage had occurred to 
copper coins which had been in contact with leather. The corrosion 
products were found to consist of copper soap, which means that 
the attack was caused by grease with which the leather had been 
treated.

In addition to these projects, an investigation has been made of 
the cause of severe corrosion in metal objects deposited close to cel
luloid objects in the stores of the National Army Museum (Gull- 
man 1991 b). It was found that the corrosion was due to celluloid 
more than 40 years old disintegrating as a result of ageing and 
emitting nitric acid. The acid had caused extensive damage to ad
joining objects.

These investigations constitute pilot studies in a number of typi
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cal environments, and their results are now providing a foundation 
for continuing work.

A seminar on the questions concerned, attended by invited re
searchers and specialists from Sweden and other countries, was 
held in order to establish a basic fund of knowledge for the plan
ning of work within the Central Board and R&D activities en
trusted to other agencies. The conclusions reached by the seminar 
have been published in report form (Cullman and Leygraf 1991).

The effects of pollution on materials in indoor environments are 
also a growing problem for certain industries. Special mention can 
be made here of the use of sensitive electronic equipment in indus
trial environments with atmospheric pollution, and deposition in 
military stores. The problems occurring in these contexts and pos
sible ways of averting them resemble the problem situations in the 
sector for preservation of the material cultural heritage.

In order to cover this field more efficiently and at less expense, 
approaches have been made to research institutes with experience 
of similar problems in industrial contexts. Thus research co-op
eration has been established, on varying scales, with the Swedish 
Corrosion Institute, the Royal Institute of Technology (Stockholm), 
NILU in Norway and SVUOM in Czechoslovakia. Between them 
these associates and the Central Board itself command a very ex
tensive knowledge of the field in question.

Thus research into corrosion in historic indoor environments 
can through co-ordination with similar research assignments un
dertaken with industrial support, draw on competencies within a 
larger neighbouring field of research which is becoming progres
sively more sophisticated. In Sweden, work in this field is being 
done by the Department of Applied Electrochemistry and Corro
sion Scence of the Royal Institute of Technology and at the Swe
dish Corrosion Institute. Both these institutions have advanced 
contacts with industry and with international research centres. As 
a result of active research co-operation in this field, heritage conser
vation is expected to derive a benefit out of all proportion to its 
own R&D expenditure.

The main focus of this project is on corrosion of metals. Environ
mental characterisations, however, will also take into account the 
other sensitive materials existing in the environments where the 
studies are performed and factors which are expected to influence

thTconcise report (Knotkova and Vlckova 1990) has been funded 

so as to provide an overview of the international state of science m 
this field and, not least, in neighbouring fields as well. The report 
was compiled at SVUOM, Prague, by some of the world s most ex
perienced researchers in this field.
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The Central Board has formulated knowledge requirements for, 
above all, certain priority fields. On this basis the Swedish Corro
sion Institute, acting in collaboration with the SVUOM research in
stitute in Prague, has formulated an application for R&D funding 
from the Central Board. Half the amount requested for the current 
fiscal year has been awarded. This project comes at a very oppor
tune moment, the first steps having recently been taken towards 
building up international activities with reference to corrosion risks 
in indoor environments of industrial interest.

Growing international co-operation is also being aimed for so as 
to create opportunities for studying the impact on indoor condi
tions of much more heavily polluted outdoor environments than 
exist in Sweden today.

Continuing work will be conducted on even more of an interdis
ciplinary basis, in the best sense of that term. This is necessary be
cause it is expected that problems can only be solved with a good 
overview of several fields: environmental measurement and charac
terisation, corrosion effect measurements and characterisation of 
corrosion attacks, experience of long-term effects in characterised 
environments where objects have been kept for a long time (cen
turies), techniques and ethics of conservation, and so forth.
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Medieval stained glass
Åke Nisbeth

Alarming reports of severe damage, caused mainly by air pollution, 
to the finest medieval stained glass on the Continent, e.g. Chartres 
and Bourges in France and Erfurt in Germany, as well as discus
sions with continental colleagues, led to the inspection of a sample 
of the only medieval stained glass of importance still extant in Swe
den today, namely that of Gotland. The aim was to find out whet
her and if so to what extent these windows were also threatened. 
All the stained glass in question was evacuated during the Second 
World War and, when refitted, provided with protective glazing. 
The latter ought to have prevented severe damage resulting from 
airborne emissions. Dr Peter van Treeck, whose firm of Gustav van 
Treeck Bayerische Hofglasmalerei, Munich, has worked on both 
medieval and more recent stained glass and was recommended by 
German colleagues, was engaged as expert adviser and inspector. 
During the spring of 1982 Dr van Treeck visited twelve Gotland 
churches out of the thirty or more in which varying quantities of 
medieval stained glass are preserved. After his visit he reported that 
the protective glazing, as intended, had resulted in the outsides of 
the stained glass suffering relatively little damage from chemical 
processes. But the positioning of this protective glass immediately 
next to the stained glass had not been without its adverse effects. 
The painting on the outsides and insides of the glass also exhibited 
damage which, to begin with, was not very easily spotted.

Even though the condition of the stained glass was not directly 
alarming, several of the panes examined presented damage which 
must be termed serious and which threatened their future survival 
(Fig. 45). This damage was partly of a kind known also from the 
Continent, and it involved the glass turning brown and eventually 
becoming quite untransparent, a type of corrosion based on chemi
cal changes in the substance of the glass. Six out of twelve series of 
stained glass windows examined were found to be in such bad con
dition as to require conservation. At the same time the windows, it 
was found, should be fitted with new protective glazing, positioned 
so as to exclude not only precipitation but also condensation, be
cause water in any form was found to accelerate the corrosion of 
the glass. Following further discussions and deliberations, it was
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Fig. 45. The worst damaged stained glass from a Gotland church, Etel- 
hem, before restoration. Photo F. Mariner.

agreed that the conservation work should be carried out in accor
dance with a programme drawn up by Dr van Treeck and in his 
Munich workshops, which had skilled, experienced personnel and 
all the technical equipment that was needed. Training Swedish stai
ned glass conservators and building up the specialised workshop 
that would be needed was judged a less rational arrangement, sin
ce the quantity of stained glass involved was really comparative 
small.

It was decided to go ahead with the requisite conservation work 
and to install protective glazing in the two churches whose stained 
glass windows were judged to be worst-damaged, namely Etelhem 
and Grötlingbo. The conservation work was done by the Munich 
firm on agreed principles. Conservation work was above all con
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cerned with removing corrosion products harmful to the glass and 
other surface accretions, e.g. lime spatter - work which has to be 
done under the microscope - securing parts of the painting which 
had come loose and examining the lead window bars, at the same 
time giving each pane a solid frame of brass. The protective glazing 
was designed by the Conservation Section of the Central Board of 
National Antiquities on the basis of a general design from Munich 
and installed by the Gotland building lodge. All this work was 
completed in the early winter of 1986, when the stained glass win
dows were re-installed in the two churches. Exhaustive documen
tation of the work - in words, drawings and photographs - was de
livered from Munich that autumn. In the course of the work, expert 
assistance had been obtained, for example, from General-konser
vator, Dozent Ernst Bacher, Vienna, one of the foremost European 
experts on medieval stained glass and deeply invlved in questions 
relating to its preservation, and Dr Stefan Fitz, of Deutsches Mu
seum, Munich (now active in Berlin). Partly on their instructions, 
specimens of the Gotland stained glass were taken for closer inves
tigation, with a view to tracing the causes of the corrosion which 
would eventually darken the paintings completely. One piece of - 
unpainted - glass was experimentally treated for browning with 
preparations which had been used in Erfurt and elsewhere. The in
tention is for this specimen to provide a point of reference for sim
ilar tests on the Continent. The discussions in Munich concerning 
the causes of damage and methods of treatment were minuted and 
a copy of the minutes supplied to the archives of the Central Board 
of National Antiquities.

In view of the good results achieved at Etelhem and Grötlingbo, 
and after financial support had been obtained out of the Central 
Board’s special allocation for work on buildings or parts of buil
dings damaged by air pollution, a second consignment of windows, 
this time from seven churches, was despatched - with the consent 
of the parishes concerned - to Munich in the spring of 1989 and re
turned the following year, when a third shipment was despatched 
from three churches in Gotland and from Tångeråsa Church in 
Närke, together with a pane from Eksta Church, belonging to the 
art collections at Boo Castle, Närke. All this stained glass will be re
instated during the late summer of 1991, when another con
signment of Gotland stained glass will be sent to Munich for con
servation. If work can continue at the same pace as in recent years, 
conservation and protective glazing of the Gotland medieval stai
ned glass should be completed in 1995.

In view of the very great value of the Gotland stained glass, as art 
and as documents of social history, it is extremely gratifying that 
expert treatment could be provided in order, as far as is technically
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possible and historically defensible,to remedy existing damage, and 
also that it was fitted with protective glazing of a kind evolved in 
consultation with international expertise. It is also important that 
the Gotland stained glass could be integrated with an international 
programme of research concerning glass corrosion and methods of 
dealing with the damage caused by it. Quantitatively speaking, the 
stained glass of Gotland is only a small fraction of the medieval 
stained glass of Europe, but coming as it does from a region with 
different climatic conditions, it constitutes outstandingly important 
material for comparison.
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Bronze sculptures in 
outdoor environments
Mille Törnblom and Jan Gullman

The overriding aim for this project has been to enable the owners of 
public sculptures to preserve and maintain them adequately.

Work under the project has been divided into the following four 
sub-objectives:

1. To investigate how harmful air pollution is to the bronze.
2. To devise methods of establishing whether and to what extent a 

bronze sculpture is damaged.
3. To examine the suitability of existing methods of restoration.
4. To test materials which can be used in the preservation, mainte

nance and corrosion-protection of bronze sculptures outdoors.

Studies, at the Chalmers University of Technology (CTH), of the 
impact of harmful gases on bronze material with and without sur
face treatment, and studies at RIK of patination and composition, 
have shown the patina to consist mainly of impurities formed by 
SO2, probably together with NO2; in other words, the patina is 
mainly a product of air pollution. The CTH study also shows that 
a patinated surface reacts to harmful gases and that this reactivity 
should be substantially reduced by surface treatment, e.g. with 
wax. Cleaning of sculptures has shown that there is no direct, 
demonstrable connection between unsightly patination and dama
ge to the metal beneath. Outward inspection, however, can provide 
some indication of the likelihood of damage. Studies of cleaning 
methods and patinations at the Swedish Corrosion Institute (KI), 
coupled with experience of practical restoration work, has led to 
the conclusion that the traditional materials and methods used in 
preservation and restoration are no worse than other methods of 
corrosion protection, and superior to them from the viewpoint of 
art history and ethics/aesthetics.

Introduction
Discoloration of bronze sculptures in a polluted urban environment 
was already observed in Berlin in the 1860s, as mentioned by Pho
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ebe Dent Weil (1983). The oldest published studies of the chemical 
composition of patination on bronze sculptures in an outdoor envi
ronment date from the early 1930s, when the now classical cor
rosion researcher Vernon (Vernon 1929-32) performed a series of 
analyses to identify the chemical compounds making up the patina. 
At about the same time the chemist Rutherford J. Gettens, well 
known in conservation circles, was able to establish (Gettens 1933) 
that the patina on outdoor sculptures of bronze mainly consisted of 
cuprite and brochantite, i.e. copper (I) oxide and basic copper sul
phate.

Until the past decade, measures for the preservation, mainte
nance and restoration of outdoor sculptures have mainly been con
fined to mending sculptures damaged by accident or vandalism, 
cleaning sculptures of graffiti, and so on. Much the same applies all 
over the world. Since the 1970s, however, attention has begun to 
focus on the problem of unsightly patination, and in the USA and 
elsewhere certain efforts have been made to refurbish sculpture 
which has undergone aesthetic changes.

In Sweden, the idea has been broached in certain quarters that 
the impact of air pollution on the material is of such disastrous pro
portions as to threaten the existence of the objects. This has led to 
special funding for the repair of damaged bronze sculptures, and in 
this connection of an inquiry to establish whether the effects on 
outdoor bronze sculptures are of such a nature and extent as to jus
tify a major action programme.

During the past four years the Central Board of National Antiq
uities and its associates have been conducting research to identify 
the cause and establish the extent of damage to the cultural herita
ge. Funds have been earmarked since 1988 for the restoration of 
objects which are in such a state that their survival is thought to re
quire immediate action. The Bronze Sculpture Project is a limited 
part of a more wide-ranging project in which measures to alleviate 
the harmful impact of air pollution have above all been made to fo
cus on stone objects. The Bronze Sculpture Project has been con
cerned during the past three years with the examination of dama
ged objects and with their care and maintenance.

Bronze sculptures being works of art, measures of care and 
maintenance are not confined to protecting the material from 
degradation and keeping things in working order, as is the case 
with technical structures. Instead there are further aspects involved, 
namely the aesthetic and the art-historical. It is these two aspects 
which do most to determine the degree of interference to which a 
work of art can be subjected. The viewpoints of the art historian, 
the antiquarian and the aesthetic expert on what a sculpture should 
look like and why are crucially important to the corrosion chemist,
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the technician, the conservator and the restorer. Those viewpoints 
always take priority over all technical aspects when practical mea
sures are decided on, and so ethical and aesthetic discussions are a 
vital part of development work and as such have guided, and very 
often controlled, the choice of methods and materials for inclusion 
in the tests with which the research side of the project has been 
mainly concerned.

Research

R&D work began in 1987 with a study of literature to update the 
state of research on the corrosion and surface protection of bronze 
material, with special reference to works of art in the outdoor envi
ronment. That work was carried out at the Corrosion Institute by 
Jan Cullman (Cullman 1988). The aim of this R&D was to acquire 
a closer understanding of the course of patination and the composi
tion of the patina, especially considering its variable appearance, 
e.g. as regards patches or streaks (Figs. 46 and 47). A special study

Fig. 46. Part of the “'Water-Sprite” sculpture after 40 years outdoors in 
the centre of Stockholm. The sculpture was darkened with green upper 
surfaces and green streaks on dark vertical surfaces. Photo G. Jansson.
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Fig. 47. Part of the sculpture “Youth with Turtle” after a century in the 
outdoor atmosphere near the Blasieholm quayside in Stockholm. Various 
types of surface before restoration. Photo U. Bruxe.

was made of the stratification of patinas in zones differing in colour 
and structure. The purpose of these studies was if possible to find a 
connection between the outward appearance of the patina and the 
condition of the underlying metal.

Special studies have also been made of various cleaning methods 
and of methods for surface treatment and protection. It has not 
been the aim of this project to devise a universal method for the re
storation of bronze sculptures. Indeed, it is judged quite inappro
priate to treat works of art as if they were standardised industrial 
products. Instead the idea has been to utilise the knowledge already 
possessed, above all by metal founders and patineurs, and to inves
tigate the effects and consequences of different forms of treatment, 
both from the viewpoint of art history and aesthetically and tech
nically speaking.

Surface treatment and cleaning

At the Corrosion Institute (KI), studies have been made of various 
methods for cleaning corroded bronze. Chemical and mechanical
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methods used for both corrosion protection and conservation have 
been examined, so as to establish their cleaning efficacy and to gau
ge the amount of metal removed in the course of cleaning. The re
sults have been presented in Kl-rapport no. 65 109 (Kultainen 
1990).The conclusion drawn is that all cleaning methods involving 
the dissolution or removal of corrosion products also attack the un
derlying metal to a greater or lesser extent. The degree of attack de
pends very much on the skill of the person who does the cleaning. 
Sand-blasting, although widely criticised, has been found to remo
ve less metal than, for example, the conservator’s preferred treat
ment with EDTA complexing agent, so long as the work is done by 
a competent person. The Corrosion Institute’s assignment also in
volved examining different types of patination occurring and their 
attack of the patinated surface of the metal. The results show that 
the patinations tested consume metal equalling no more than be
tween two and five years’ corrosion of unprotected bronze in the 
Swedish urban atmospheres of the 1980s. The traditional artists’ 
patinations consume slightly more material than the industrial 
ones. The latter, however, are usually ruled out for aesthetic and/or 
craft-related reasons.

The Corrosion Institute, acting in association with RIK, has 
planned a comprehensive exposure of patinated and surface-trea
ted bronze material over the next eight years at three different field 
stations, two in Sweden and one in Czechoslovakia.

Structure of the patina layer

Samples of corrosion products and metal from treated sculptures 
have been examined at RIK by means of scraped corrosion prod
ucts, on polished cross sections from drill cores and on drilled met
al chips. The metal analyses showed all the alloys used to contain 
about 85-90% copper and varying quantities of tin, zinc and lead. 
The corrosion analyses mainly indicate the presence of cuprite and 
brochantite, and also, in one or two exceptional cases, anthlerite, a 
basic copper sulphate with a higher sulphate content than bro
chantite. The latter seems to occur on well-protected surfaces from 
which water is excluded. Examinations of material from Göteborg 
have also revealed atacamite, basic copper chloride.

Cross sections of the patina layers show that black zones on the 
surface of the curved sculpture, next to the metal, have a thin layer 
of cuprite, and on top of this a layer consisting of a mixture of bro
chantite, various airborne solid contaminants such as quartz and 
soot etc., and a non-crystalline tin compound, probably SnOi. An 
outermost layer contains brochantite only, together with the solid
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Fig. 48. Specimen from the sculpture “Youth with Turtle”. Distribution 
of elements as regards accumulation of tin, zinc and sulphur in a dark zone 
of the surface. The image, magnified 67SX, comes from a scanning elec
tron microscope. Zones with elevated concentrations of tin (Sn), zinc (Zn) 
and sulphur (S) are highlighted in the picture. Zones with heavy concen
trations and a comparative predominance of one element are coloured 
dark blue for Sn, red for Zn and green for S. Zones with elevated concen
trations of more than one element are coloured according to the fields for
med by the overlapping of rectangles corresponding to each element in the 
code, bottom left. Yellow, for example, implies elevated content of both 
Zn and S. The zones corresponding to uncorroded metal, at the bottom of 
the image, are two different shades of red or else violet, depending on vari
ations of Sn and Zn content in the metals.

contaminants (Fig. 48). Beneath green surfaces, i.e. the upward-fa
cing surfaces flushed over by water and in green streaks, we have 
cuprite next to the metal and, in an outer layer, a mixture of bro- 
chantite and the tin compound which occurs all the way out to the 
outer surface (Fig. 49). Thus in the green zones we have an accumu
lation of tin, caused by the water-soluble copper sulphate leaching 
out of the patina. At the same time, the contaminants making the 
patina black are washed away. These results are contained in two 
reports: RIKa 88-054:2 (Gullman, Törnblom 1989) and RIKa 
90-003:5 (Gullman, Törnblom 1990).
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Fig. 49. Specimens from another part of the surface, as in the previous pic
ture. Accumulation of tin, zinc and sulphur in a corrosion pit. This again 
is a scanning electron microscope image, with the same colour coding as 
before. Magn 31 OX.

Impact of air pollution

At CTH a series of laboratory studies have been made of the effects 
of various air pollutants on treated and untreated bronze. The re
sults have been presented in two reports (Eriksson 1990 a, b). In 
these studies, carried out by Doctoral Student Peter Eriksson, under 
the supervision of Ass. Prof. Gunnar Johansson, bronze of the same 
quality as in the KI study was examined for absorption of harmful 
gases on the surface of the material and also with regard to the for
mation of corrosion products on the surface in various combina
tions of SO2, NO2 and NaCl at a constant air humidity of REI 
90%. The studies were performed on both clean and patinated me
tal.

This investigation provides an insight into the chemistry of cor
rosion on sculpted bronze and shows, not unexpectedly, that the 
chemical processes are by no means uncomplicated and that, in 
many cases, several parallel reactions are apparently possible. Seve
ral corrosion products were identified as containing copper, zinc
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and lead. Tin probably formed amorphous oxide, which, with the 
analytical methods used, can easily evade discovery.

NO2 was found to be the only harmful gas producing a slightly 
greater corrosive effect under the testing conditions than SO2 as 
sole harmful gas. The combination of these two harmful gases, 
however, produced a much faster rate of corrosion.

The addition of sodium chloride (in a quantity roughly corre
sponding to strong fingerprints) to the surface of the bronze prior 
to exposure caused an elevated corrosion rate during testing with 
individual harmful gases. This elevation was not large enough to be 
discernible during testing with both SO2 and NO2.

In the reaction between NO2 and the corroding surface of the 
metal, both NO and HNO2 in the gaseous phase were identified, 
and on the surface of the metal both nitrate and nitrite were identi
fied. The presence of SO2 and/or NaCl influences the formation of 
these reaction products.

The patinated test material had been treated by a professional 
patineur and was found to consist of mainly basic copper nitrate, 
gerhardite. When exposed to an SO2 atmosphere, the patina was 
found to be heavily S02-absorbent, gradually changing into basic 
copper sulphate. NOx development was recorded in this connec
tion.

The results of this laboratory exposure, however, cannot be im
plicitly adopted as a basis for conclusions regarding corrosive con
ditions in outdoor environments. The laboratory studies only in
volved exposure times of between 24 hours and one month, and so 
no long-term effects could be expected to appear.

The results of the KI and CTH studies can be summarised as fol
lows where preservation measures are concerned.

Cleaning of a corroded metal surface entails metal removal, in 
the sense of removing metal which has been transformed into pati
na. If cleaning is done properly, there is no need for any appreciable 
further quantity of metal to be removed from the remaining mate
rial. Sand-blasting has proved particularly suitable for controlled 
partial cleaning, in cases where not all the patina is to be removed.

Patination performed on a clean metal surface always consumes 
parent material, even though a good deal of the patina is added 
from outside in the form of copper salts. The extent of the attac on 
the parent material was of the same order of magnitude as 2-5 
years’ outdoor exposure of unprotected bronze. Rawness or cha
sing of the surface does not appear to have any substantial effect on 
the ensuing process.

A patina with no organic coating (e.g. of wax) is relatively re
active as regards absorption of harmful gases. Beeswax, on the ot
her hand, reduces SO2 absorption on the surface.
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Inventory
Inventory work has begun, as a basis for practical work and in or
der to gauge the extent of existing damage, as well as identifying 
the type of damage. So far this work has been restricted to a total 
inventory of bronze sculptures in the Municipality of Sundsvall, 
which used to have a reputation for its extremely bad air.

Funding has been allocated for an in-depth study during the 
1990/91 fiscal year of a limited sample of sculptures in the Munici
pality of Göteborg, including the description and documentation of 
the type and extent of damage. This work is to be done by the Uni
versity of Göteborg, and a report will be presented in 1992.

In the Municipality of Stockholm, a general inventory of non
contemporary sculpture in the inner city has been compiled by RIK, 
as a basis for the selection of sculptures for measures to be taken 
within the project. A more comprehensive general inventory of 
bronze sculptures in Stockholm is planned for the 1991/92 fiscal 
year. This inventory, commissioned by the City of Stockholm, is to 
be compiled by the Sculpture Conservation Department of Na
tionalmuseum in collaboration with RIK. The plan is for a com
plete inventory of the stock of bronze sculptures in the inner city of 
Stockholm to be completed in the autumn of 1992, together with a 
general description of the state of the sculptures and the action they 
require.

The purpose of this inventory work, both completed and plan
ned, is to furnish documentation for current refurbishment and for 
the scientific study which is being conducted in keeping with the 
aims of the project, and also to devise methods of recording and de
scribing damage and remedial requirements. This work is intended 
to result in a methodology for the compilation of a damage inven
tory which will include assessment of the type of damage, its extent 
and the action needed. Directions, grounds for assessment and met
hods will then be communicated to municipal authorities and to ot
hers responsible for outdoor sculptures of bronze.

Hitherto the inventory work has shown that most of the outdoor 
bronzes in Sundsvall (12), Göteborg (about 180) and Stockholm 
(about 270) require care in the form of washing and waxing but are 
not in need of any more extensive restoration. In Sundsvall, “credi
ted” with the worst air in Sweden, only the two oldest sculptures 
have developed a patina which can be said to show signs of sub
stantial damage to the bronze. Those sculptures were erected in 
1911 and 1935 respectively. Other bronze sculptures, the oldest of 
them from the 1940s, are in satisfactory condition.

In nearly all known cases, including towns and cities other than 
those mentioned above, the care and maintenance of outdoor
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sculptures are unknown concepts. There are only exceptional in
stances of, say, a sculpture being covered over in winter and wahed 
and polished in spring. They are salutary exceptions, serving to 
show that regular care of a very simple kind will keep a sculpture 
in excellent condition and presumably eliminate entirely the need 
for expensive restoration measures later on. Besides, works of art 
which are cared for are aesthetically more attractive, and there is 
reason to note that works of art positioned outdoors demand reg
ular care.

Restoration measures

The purpose of remedial work was to do something about bronze 
sculptures in the outdoor environment which urgently needed ca
ring for. Another aim was to disseminate knowledge and in
formation about bronze sculptures and their properties and states, 
as a basis for directions concerning inventory work and future re
medial activities. A total of nine objects, varying in age, size and 
condition, have been refurbished. Four of them were treated in or
der to investigate the reversibility of a new method of treatment; 
see reports RIKa 90-002:1 and 90-002:2 and (in preparation) 
RIKa 90-024:1 and 90-024:2 (Törnblom, Gullman 1990 b, c, 
1992 c, d). These four objects are relatively small busts, cast be
tween 1912 and 1972.

The other five objects have been treated because they have devel
oped varying kinds of patination, indicative of different types of 
damage. The youngest of these sculptures has been out in the open 
since 1949, the oldest since 1867. All of them have stood in the cen
tre of Stockholm. Air pollution has varied. In all five cases it has 
proved impossible to obtain any information about the surface tre
atment of the sculptures and their appearance at the time of their 
installation. Not even for the latest of them, put up in 1949, have 
we been able to obtain full particulars concerning appearance and 
treatment at that time, even though there are several people who 
saw it when it was newly erected.

The five sculptures, in order of seniority, are as follows.

□ Bältesspännarna (The Fighters) by J.R Molin, erected in 1867 
outside Nationalmuseum, Stockholm. Report in preparation, 
RIKa 90-022:1 and RIKa 90-022:2 (Törnblom, Gullman 1992 
a and Gullman, Törnblom 1992).

□ Yngling med sköldpadda (Youth with Turtle) by J. Börjesson, 
erected 1884 outside Nationalmuseum, Stockholm. Report RIKa
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90-003:4 and RIKa 90-003:5 (Törnblom, Gullman 1990 d and 
Gullman, Törnblom 1990).

□ Fosterbröderna (The Foster Brothers) by T. Lundberg, erected 
1888 outside Nationalmuseum, Stockholm. Report in prepara
tion, RIKa 90-023 (Törnblom, Gullman 1992 b).

□ Farfadern (The Grandfather) by P. Hasselberg, erected 1896 in 
Humlegården, Stockholm. Report RIKa 88-054:1 and RIKA 
88-054:2 (Törnblom, Gullman 1989 and Gullman, Törnblom 
1989).

□ Näcken (The Water Sprite) by C. Frisendahl, erected 1949 in the 
courtyard of the Museum of National Antiquities, Stockholm. 
Report RIKa 88-054:1 and RIKa 88-054:2 (Törnblom, Gull
man 1989 and Gullman, Törnblom 1989).

In connection with restoration work, samples in the form of drilled 
metal chips were taken from the sculptures to identify their alloying 
elements. A number of drill cores were also taken in order to study 
cross-sections of metal and patina, and scrape samples were taken 
for phase analysis of corrosion products.

Apart from the actual restoration, all restoration work was in
tended to yield knowledge concerning the character of the damage 
in relation to the outward appearance of the sculpture. Importance 
was also attached to finding out about cleaning methodology in 
connection with the restoration work, and also about different ty
pes of surface finishing, patination and corrosion protection. After 
their restoration the sculptures can be thought of, not only as new
ly restored bronzes in public places but also as full-scale exposure 
experiments, in that they are specific objects, treated in different 
ways and put up outdoors so that, in future years, they can be fol
lowed up and studied and made subjects of care and maintenance 
under specially controlled conditions. It should be stressed, howe
ver, that there is no question here of careless experimentation.

The Sculpture Restoration Working Group

All treatment of sculptures included in this project has been dis
cussed by a working group recruited in such a way as to enable dif
ferent interests and specialists to voice their opinions.

The working group comprised the following:

Liss Eriksson, sculptor
Jan Gullman, corrosion specialist, the Central Board of National 

Antiquities
Gunnar Pettersson, art foundry master
Elisabet Tebelius-Murén, sculpture conservator, Nationalmuseum
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Mille Törnblom, metallurgist and project leader, the Central Board
of National Antiquities

Bo Wingren, art historian, the Stockholm City Museum

All measures were discussed within this working group and, before 
any action was decided on, it was established what action was ap
propriate and, above all, what end results were desired. This has a 
crucial bearing on what is technically permissible. Clear reasons 
have been given for all the treatment to which the sculptures have 
been subjected.

It is not normal practice for samples to be taken in connection 
with restoration work. The sampling undertaken in the course of 
this project has been justified by very special considerations and is 
not to be regarded as a routine measure. This being so, the working 
group was able to consent to sampling on the scale and of the char
acter occurring in connection with the restoration work done. The 
holes caused by sampling were mended in the traditional way by 
competent craftsmen.

Refurbishment measures: The state of the sculptures

Four of the five objects treated were in similar condition at first 
sight. They all had the typical expanse of upward-facing green zo
nes, with a black patina on the vertical and sheltered zones, and 
green streaks from green zones down across black ones. Closer in
spection, however, revealed considerable differences. The Water 
Sprite, the most recent of the sculptures, had no detectable relief on 
its surface which could be related to heavy corrosion attacks, in spi
te of its very widespread green streaks (Fig. 46) (Gullman, Törn
blom 1989 and Törnblom, Gullman 1989). The Fighters, Youth 
with Turtle (Fig. 47) and, to some extent, The Foster Brothers show 
very distinct corrosion attacks in the form of green, sunken patches 
in black zones, especially in zones facing upwards (Törnblom, 
Gullman 1990 d, 1992 a, b, Gullman, Törnblom 1990, 1992). The 
streaks also presented a relief which was not observable on The 
Water Sprite. The same attack was observable on The Foster Brot
hers, but not to the same extent as on the other two sculptures.

The fifth sculpture, The Grandfather, had developed a green and 
black patina without unduly stark contrasts and with gradual tran
sitions between the green and dark zones and very few green stre
aks (Törnblom, Gullman 1990 a). These streaks were of a kind dif
fering, for example, from those on Youth with Turtle and The Wa
ter Sprite. This sculpture did not present any heavy relief for harsh 
contrasts between differently coloured zones. There were a number 
of minor upward-facing zones of small green patches which could
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be a sign of local attacks. The Grandfather had also been subjected 
to graffiti and had previously been treated, during the 1980s, with 
silicon wax which had now aged and turned grey.

Refurbishment measures: Cleaning

Cleaning can be done either mechanically or using various chemi
cals. Research activities, as described above, include certain investi
gations of cleaning methods. For the refurbishment, undertaken at 
Gunnar Pettersson’s art foundry in Stockholm, blasting was main
ly used. There were various reasons for this. In keeping with the 
aim of understanding and assessing the extent of damage beneath 
various kinds of patina, two of the sculptures, The Water Sprite 
and Youth with Turtle, were sand-blasted clean. Both were covered 
with a patchy and streaky black and green patina which seriously 
disrupted their form. There was a very great difference in their ages 
and they occupied different environments. The sand-blasting yiel
ded interesting information about the extent of the corrosion pro
cess. The older of the sculpture had a heavily corroded surface with 
pitting up to 0.5 mm deep. Under the green streaks there were deep 
furrows in the metal. The younger sculpture, with quite extensive 
streaking, showed no visible signs of attack after cleaning.

The other two sculptures which were sand blasted were not cle
aned down to the surface of the metal. Here the aim was to make a 
full-scale study of the method of using sand blasting to peel off only 
as much of the outward patination as is necessary for cleaning pur
poses, i.e. the patchy, uneven outward layers saturated with soot 
and particles. The Foster Brothers was sand blasted overall in this 
way, leaving the bottom layer of cuprite and parts of the green bro- 
chantite layer above it in situ as underlay for a patination. ((Bältes- 
spännarna)) was cleaned in the same way, but the base of this 
sculpture, also cast in bronze, was used for full-scale experi
mentation with different blasting agents. The base has four vertical 
sides with narrative reliefs and is cast of the same material as the 
sculpture. The four sides were blasted with olivine sand, aluminium 
oxide, glass beads and plastic beads. The result shows olivine sand 
and aluminium oxide to be comparable as blasting agents, efficient 
and yielding excellent results. The term “excellent results” as used 
here means that the outer layer of the patina was removed and the 
cuprite left on the surface of the metal. Glass balls can produce a 
similar result, with a good deal of work input, but large quantities 
of blasting agent are consumed and the work takes a very long time 
to complete. Plastic beads used in the blasting operation burst on 
the surface of the patina and settle over it like a greyish-white plas
tic film. No removal of patina was observable.
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In this connection we may also record that nutshell-blasting was 
tested on Youth with Turtle, but that the only effect resulting from 
this was polishing of the patina surface.

The fifth sculpture to be cleaned, The Grandfather, was in a sim
ilar state of corrosion to The Water Sprite, but aesthetically it was 
in much better condition. It was therefore decided that the surface 
of the patina was only to be cleared of dirt, graffiti and residues of 
old wax, using solvent and a neutral detergent.

It may be appropriate here to say a few words about the state of 
the sculptures when cleaned. The Water Sprite and The Grandfa
ther are both free, on the whole, from really deep corrosion attacks, 
unlike the other three sculptures. The Water Sprite has been stan
ding outdoors less than half as long as the other four sculptures, 
and the time factor can make some difference; but the environment 
which it occupied was a good deal cleaner than for the other four 
sculptures. The Grandfather has been outdoors for the same length 
of time as two of the other, more badly damaged objects, Youth 
with Turtle and The Foster Brothers. Although the atmosphere in 
Humlegården was probably not ideal, this sculpture too is in a 
good state of preservation. The other three, from outside National- 
museum, have occupied an extremely polluted environment, in the 
immediate vicinity of a quayside used by steamboats, which until 
about 1960 were coal-fired. Since 1960 most of the boats have 
been diesel-powered. This environment, then, was heavily contami
nated with SO2.

Sandblasting has a wide-spread bad reputation among conser
vators. - Not without reason, if used in an incompetent way. In the 
hands of competent persons, however, blasting can be used in a 
very delicate way. We therefore mean that sandblasting, with ap
propriate equipment and used by competent and well experienced 
personel, seems to be the most versatile cleaning method for most 
parts of bronze sculptures, which are in need of removal of un
sightly patina or inappropriate surface treatment. Sandblasting 
should therefore not be be banned as a method - as little as surgical 
lasers used by competent surgeons, although they can be mur
derous weapons in the wrong hands.

Refurbishment measures: Patination and surface protection

All sculptures except The Grandfather were re-patinated. That 
work was done by a professional patineur, Karin Wassberg, just as 
all previous operations were performed by professional art foun
ders and chasers.

The function of patination is above all aesthetic, but together
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with a subsequent surface layer it can also be a form of corrosion
proofing.

The sculptures which had been blasted quite clean were first gi
ven a dark basic patina to which a green patina was added, after 
which they were waxed. The Water Sprite was waxed with bees
wax, Youth with Turtle with micro-crystalline wax (Fig. 50). As 
was made clear in the description, above, of the work done by KI, 
both blasting and patination consumed a few micrometres of the 
metal.

The Fighters retained its bottom layer of patination, the cuprite 
layer, after blasting, and this provided an underlay for dark patina-

Fig. 50. Upper part of the sculpture “Youth with Turtle”, after restora
tion. Photo U. Bruxe.
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tion with sulphide. This dark ground formed an underlay for the 
green patination, which will be very dark. The Foster Brothers, 
which also retained its cuprite coating, was green-patinated directly 
on the remaining patina. The absence of a dark (patina ground) 
will make this sculpture a paler green. Micro-crystalline wax was 
applied to both these sculptures.

After cleaning, The Grandfather was slightly retouched with pa
tina in the face, after which it was given a coating of beeswax.

In addition to restoring a number of sculptures, the purpose of 
these measures was:

□ To gain experience of assessments of condition and their relation 
to actual condition, relevant to sub-objective 2.

□ To gain experience of the nature of restoration work, as part of 
the attainment of sub-objective 3.

□ To carry out full-scale cleaning and surface-protection work.
□ To gain experience of the practical workings of the joint group.
□ To acquire a number of objects which had undergone full-scale 

treatment, with a view to parallel inspections as part of the KI 
exposure programme.

These last three points are included in work for the achievement of- 
sub-objective 4.

Future work

So far the project has generated seven reports, viz two technical re
ports and five restoration reports. Another four restoration reports 
and one more technical report are planned, and these will be pre
sented during the autumn of 1992.

A final report on the Bronze Sculpture Project will also be pre
sented in 1992. That report will summarise the scientific investiga
tions and experience of the restoration work, together with the 
conclusions which can be drawn from this concerning the practical 
work of inventory, care and maintenance and restoration.

Another item which awaits completion under the Bronze Sculp
ture Project is the field exposures, planned by the Corrosion Insti
tute, of bronze specimens treated with different patinations and 
surface finishes. This work began in the autumn of 1991 and the 
test material was moved into position in the spring of 1992. Testing 
will continue until at least the year 2000. It also remains to make a 
closer study of the extent and nature of damage to iron supports 
cast into bronze sculptures, and to devise methods of ascertaining 
the extent of damage without having to disassemble the sculpture.
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Now that the Bronze Sculpture Project is coming to an end, the 
focus of work is switching to outdoor sculptures of metals other 
than bronze, above all zinc and cast iron. These materials are par
ticularly common in sculptures from the late 19th century, not least 
in sculptural decorations of buildings, where they were often used 
as a replacement for and imitation of costlier and “finer” materials. 
In keeping with this change of focus, the project is being re-named 
the Metal Sculpture Project.
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Stockholm, April 1992

Summary

The Assessors were impressed by the high quality of the work being done by the 
RIK. A good beginning has been made and in some areas the basis for monitor
ing damage from air pollution is almost complete but on the other hand we rec
ommend that the scope of research and documentation should be enlarged.

We see many advantages in the organisation of the activities for Conserva
tion of Swedens Cultural Heritage where monuments and museums are com
bined together with support from the materials sciences. However, we would 
recommend efforts to educate potential field workers in order to establish a 
wide data base for the condition of the Cultural Heritage and to develop all the 
skills needed for Conservation.

The three assessors were:

UNIV. DOZ. DR. ERNST BACHER

Art historian. Generalconservator of the Österreichisches Bundesdenkmalamt 
(State office for Monument Preservation). Responsible for monument preserva
tion and research in Austria. Lecturer at the University and Academy of Fine 
Arts in Vienna.

SIR DR BERNARD FEILDEN now practices as an architectural

Conservation Consultant. Formerly he was architect to St Pauls, London York 
Minster and Norwich Cathedral, then director of ICCROM 1977-81. He has 
advised the governments of India, Pakistan, China and UNESCO on architec
tural conservation. His book the “Conservation of Historic Buildings” is wide
ly read.

PROF. DR. ROLF SNETHLAGE

Mineralogist, Head of the Central Laboratory of Bayerischers Landesamt für 
Denkmalpflege, München. Research work and expert opinions on stone conser
vation since 1977, thesis on sandstone conservation and appointment as an ex
traordinary professor at University of Munich, member of the scientific steering 
committees of Federal German and French-German projects on stone deterio
ration and conservation, managing editor of the publication series of the Ger
man BMFT project publications.
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Programme of work

The three assessors visited the Central Board of National Antiquities from April 
5, to April 9, 1992 by invitation of the organization. The programme included 
the oral presentation of the results obtained in the AIR POLLUTION PRO
GRAMME by the members of RIK, a visit of the laboratory facilities and work
shops at RIK and an afternoon field excursion to Rune Stones, Rock Carvings 
and a morning to examine treated stone objects and bronze sculptures in the his
toric centre of Stockholm. By this way the assessors received a comprehensive 
view of the organization, the programme structure and the results obtained so 
far.

Introduction

The report “Az> Pollution and Swedish Heritage Report” concentrates on the 
deterioration of stone objects which include Rune Stones and Rock Carvings as 
well as building stones and sculptural decorations. Archaeological objects in the 
soil, mediaeval stained glass and objects in indoor environments are also re
viewed and an important study of bronze sculptures has been included.

The RIK has a strong organization in chemistry and geology as well as con
servators and some art historians. The links with University Departments are 
praiseworthy and productive. It is good to note that half the budget is devoted 
to practical work. So far the results show a clear correlation between the decay 
of building stones and objects and atmospheric pollution.

Some points in the draft report need clarification if it is to be circulated inter
nationally.

The scientific approach of the programme is logically structured and reveals 
a deep understanding of the relevant questions. The results obtained have gai
ned the interest of experts in this field. The work done so far is an excellent ba
sis for a deeper as well as broader investigation in monument preservation in the 
future. It is important that the results of research are transmitted to the practi
cal field.
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Proposals for continuation of work

Research

We are of the opinion that art historical knowledge and special studies should 
be combined with chemical research, together with that of other generalists, to 
ensure that buildings and objects should be studied as a “whole” with the aim 
of answering some specific questions in a computerized format.

Besides art historians, archaeologists and chemists other professions such as 
architects, engineers, surveyors have a contribution to make in conservation 
which should be a multidiscipliniary activity.

We recommend a condition survey of historic churches and scheduled build
ings to give a full documentation of the cultural heritage at risk to pollution. It 
is understood that documentation of some churches has been completed.

Field workers should be encouraged to suggest further items requiring re
search, for example mortars, plaster and brickwork. We would emphasis the va
lue of the laser scanner for measuring rates of decay.

The stone inventories, research on quarries and report on stones used in 
Stockholm will become more and more valuable in time.

Documentation

The documentation of Rune Stones and Rock Carvings with computerization is 
exemplary. In due course the whole cultural heritage should be brought up to 
this level. The inventory of damage is a valuable basis for a future programme.

Documentation of projects can be used to monitor results and help avoid re
peating past mistakes. Payment for documentation before beginning a project 
and again after it is completed should be a separate item in contracts.

Time is an essential element in conservation work and as time goes on past 
work must be evaluated. A study of past techniques for consolidation of stone 
and glass should be attempted. A study of the results of cleaning techniques in
cluding Rune Stones would also be useful. Ideally a system of observation and 
documentation of the condition of objects and building should be built up.

This Documentation should include a questionaire concerning the critical 
points of the conservation as executed, to ensure the right points of maintenance 
and control.

Education and training

RIK combines research with projects so its experience should be transmitted as 
a basis for field workers.The RIK green booklets are a good method of making 
the public aware of the threats from air pollution.

Training should be developed. Architects, engineers, surveyors and conser
vator restorers need information on the scientific research done by RIK to 
stimulate their awareness of the causes of decay. There should also be feed-back
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to RIK from field workers. Field workers should be advised of the materials and 
methods that can be safely used. They should also be encouraged to make full 
documentation of any project.

Short courses in the methodology of making condition surveys should be gi
ven to county staff and those professionals interested in practical conservation.

Theory of conservation

All concerned in conservation should be aware of the criteria in UNESCOs 
World Heritage Convention guidelines and the ICOMOS Venice Charter 
(monuments and sites) together with the Florence (gardens and landscape) 
Washington (historic areas and towns) and Lausanne (Archaeological Heritage) 
Charters. In addition the ethics should be understood.

To be productive and to avoid mistakes conservation work must be multidis
ciplinary. Each discipline will have something to contribute and this contribu
tion has to be evaluated against the theory of conservation. It is important that 
the valuesin an object or building should be analysed and placed in order of pri
ority in order to decide on the artistic presentation policy. Practical alternatives 
should be evaluated to see which is “least bad” for the building or object in the 
time scale of its probable life. As each project is unique the building or object 
must be allowed to speak for itself. The scale of an operation dictates the pos
sibilities and the risks if it goes wrong should be assessed. The intervention 
should be the minimum necessary.

The time dimension must be considered when chemical treatments are pro
posed - will such treatments which are initially “positive” eventually become 
“negative”. As “reversibility” cannot be guaranteed should we not also consider 
“repeatability”.

Multidisciplinary work is necessary but it takes time to find the correct solu
tion in each case. An allowance for time consumed in discussion of projects 
should be included in each contract.

Conclusion

In the opinion of the assessors the first three year budget period has laid good 
foundations. For the next budget period we recommend that RIK should be fun
ded to continue its work on a broadened basis, including all relevant disciplines. 
We suggest that there are further reviews at reasonable intervals of time. We 
also suggest that some long term funding for this valuable work should be 
found.

The organization of the Swedish National Board of Antiquities provides the 
best opportunities for establishing a system for research, development and 
transfer of knowledge in the preservation of historical monuments and objects 
which will be ideal also for other countries.

At this time the opportunity to propagate these aims should not be left to 
chance.
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