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Introduction
Ulf Lindborg

During the 1980s there was growing concern that the surrounding environ
ment could be the cause of much of the damage occurring to buildings and 
historic monuments. Both in Sweden and abroad, attention was made to focus 
on air pollution and its degrading impact on materials in the heritage. Conser
vators and building inspectors began taking a closer look, for example, at the 
appearance of stone sculptures, comparing them with library photographs 
from the early years of the 20th century. In many cases they could establish the 
occurrence of a disastrous degradation during the intervening period.

The Swedish Central Board of National Antiquities was able to inaugu
rate its air programme in 1988. The Board was commissioned by the Gov
ernment and Riksdag (parliament) to direct a national programme aimed 
at alleviating the harmful effects of air pollution on the heritage. Eventual
ly this task came to be code-named “the Air Programme". The annual 
funding allocation, sectorial research funding included, was originally 
MSEK 11 and in recent years has been running at about MSEK 18.

From its very inception, the Air Programme had a wide-ranging strate
gy. The following measures were anticipated:

Inventory to establish the type and extent of damage.
Research and methods development to elucidate mechanisms of degrada
tion and improve methods of conservation.
Information and education, to disseminate knowledge concerning the 
threats and remedies.
Measures of conservation and restoration to protect damaged objects with 
priority status.

County administrations and county museums are the obvious partners for 
this programme, often in conjunction with direct measures of conservation 
and restoration. R&D institutions are involved by the programme propos
ing and commissioning R&D at a number of universities and colleges. In 
addition, the programme encourages healthy development in the consul
tancy and contracting sector.
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Fig. la, b. Lintel, Storgatan 16, Örebro, before (a) and after (b) conservation. Pho
to Paterik Stocklassa 1995.

The results of the first years’ work were summarised in Air Pollution 
and the Swedish Heritage. Progress 1988-91. That MS formed the basis of 
an international evaluation of the Air Programme in the spring of 1992, 
and the above mentioned publication includes the evaluators’ report.

Since 1991, activities have been gradually widened so as to include oth
er causes of damage besides air pollution, e.g. rain, frost and salt. The
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overall aim has been to reduce degradation of materials in the heritage, but 
we have chosen to retain the Air Programme designation. One ancillary 
purpose of the Air Programme has come to be that of using the studies of 
materials and the conservators’ observations as a basis for conclusions 
concerning the history of buildings, e.g. with regard to dating and the abil
ity of craftsmen to use materials and tools in different periods.

Materials and types of object in the programme
The main emphasis of activities between 1992 and 1995, as in the previous 
period, has been on objects of natural stone, rock carvings, runestones and, 
above all, carved stone in portals and other building adornments. Many 
types of stone are very sensitive to the environment. Extensive work has 
also been done regarding medieval stained glass and archaeological finds 
in the soil. Where bronze sculptures are concerned, only minor efforts have 
been made after 1992. One new field of interest is industrial heritage, 
where materials science and environmental technology approaches are vi
tal to preservation.

All projects in the Air Programme require comprehensive documenta
tion, not least in photographic form. Modern techniques are needed. De
velopment work on image digitalisation and interactive image records has 
been undertaken as an integral part of the Air Programme.

This book summarises the results of the Air Programme between 1992 
and 1995. It is intended for readers both in Sweden and abroad, and it 
forms part of an international exchange of knowledge. The topics of in
quiry are relatively similar in different countries, even though materials 
and environments may vary. We believe that this publication contains mat
ter of interest both to researchers and conservators and to heritage admin
istrators.

Causes of damage
Air pollution has a great impact on the heritage, but there are many other 
factors which play a very important part in the degradation of materials, 
especially if the maintenance of historic monuments has been neglected. In 
recent years, encouraging to note, atmospheric concentrations of sulphur 
dioxide have been drastically reduced, both in Sweden and in most other 
advanced industrial countries. This means that one severe threat to the 
heritage has been practically eliminated. Other threats remain. Thanks to 
the broad-based approach of the Air Programme, we have begun to im
prove our grasp of the different threats existing.

Water is indispensable for most degradation mechanisms. Without rain 
or condensed moisture, the impact of air pollution is insignificant, there
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are no biological accretions, no problems with salt and no frost bursting. 
One exception to this rule is hydrogen sulphide, which will cause corrosion 
in silver and copper objects even in dry conditions. Archaeological iron is 
sensitive even to small amounts of moisture and requires storage condi
tions with less than 20% relative humidity, i.e. an extremely dry indoor 
environment.

Rain absorbs carbon dioxide from the atmosphere and becomes corro
sive to metals and stone. The attack is proportional to the amount of rain 
striking the material, and it increases with rising carbon dioxide content. In 
pre-industrial times, carbon dioxide content was 280 ppm, roughly the 
same everywhere on Earth. This corresponded to a “natural” corrosion or 
weathering rate. Today the concentration has risen by more than 25% to 
upwards of 350 ppm and, locally, to even higher levels due to carbon diox
ide released by combustion. Calcite solubility (Holland 1978) is propor
tional to the cube root of the concentration of carbon dioxide in the atmos
phere. Thus, because of the carbon dioxide increase, the weathering rate of 
stone is boosted about 8% over the natural rate.

Sulphur dioxide, nitrogen oxides and ozone—the acidifying, gaseous air 
pollutants—are the substances primarily associated with the term “air pol
lution”. Sulphur dioxide is indeed responsible for the gypsum formation 
often observed on sandstone and limestone, but the atmospheric concen
tration of sulphur dioxide has fallen from about 50 pg/m3 in 1970 to some 
5 pg/m3 in 1995 in the bigger Swedish towns and cities. These figures refer 
to annual averages.

As part of the Swedish Air Programme, exposures of fresh limestone 
and Gotland sandstone have taken place in Stockholm, Martebo (Gotland) 
and Prague (see chapter “Outdoor corrosion”). In Prague, where pollutant 
concentrations remain high, weathering after one year was 3-5 times 
greater than in Stockholm and Martebo. The differences in weathering sen
sitivity are ascribed mainly to the differing concentrations of sulphur diox
ide, viz approximately 35 pg/m3 in Prague and 5pg/m3 in Stockholm and 
Martebo.

The United Nations Economic Commission for Europe has undertaken 
a large international field exposure programme to study the effects of air 
pollution on metals and stone materials. As many as 39 sites in Europe and 
North America are included. The weight changes due to corrosion of met
als and weathering of stone have been measured. Values have been report
ed for four years of exposure, 1987-91 (UNECE 1995). There are also two 
large British surveys with field exposure of Portland limestone at 25 and 12 
sites, respectively (Jaynes and Cooke 1987, Cooke and Gibbs 1993). It is 
now clear that sulpur dioxide is the single most important factor affecting 
the rate of deterioration of stone as wella as metals. For the two stations 
within the city of Stockholm, the weight loss of stone samples was three
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times higher than for the rural station at Aspvreten (UNECE 1995). The 
loss values in the Table 1 are average values per year for unsheltered stone 
tablets during the 4-year exposure 1987-91.

Table 1. Sulphur dioxide concentrations and stone material loss in the UNECE 
field exposure programme (Swedish exposure sites).

Stone material loss rate, pm/year

Exposure site so2
pg/m3

Portland
limestone

White Mansfield 
dolomitic sandstone

Stockholm City
Torkel Knutssongatan 1 1 8.4 9.4

Stockholm City
Sergels torg 16 7.1 7.3

Aspvreten (rural) 2 2.8 2.1

The sulphur dioxide levels in the Stockholm air were much reduced in 
1987-91 compared to earlier levels. Even so, the remaining pollution in 
Stockholm increased the rate of attack several times compared to a clean 
rural station. Since then, Stockholm City levels have been reduced further 
to about 5pg/m3.

Some more conclusions of pollution effects on materials may be drawn 
from the international field study data:

□ Climatic variations between various locations in Europe and North 
America have only a minor influence.

□ In unpolluted air the long-term rate of loss for Portland limestone and 
white Mansfield dolomitic sandstone is about 3pm/year for surfaces ex
posed to the rain. The initial rate when fresh samples are exposed is 
about twice as high but the rate slows down after the first year. Evident
ly a protective layer is formed during the first year. Surfaces sheltered 
from the rain tend to have a slight weight increase over time, due to 
deposition from the air and gypsum formation. The weight change is 
very much smaller, typically only 10% of that for surfaces exposed to 
the rain. One conclusion to be drawn is that it is overwhelmingly impor
tant to prevent rain from hitting delicate parts of a stone monument and 
in particular to prevent large amounts of rain water collecting over 
large areas of a building and flowing down over a sensitive faęade.

□ In air with sulphur dioxide the average long-term rates according to 
Table 2 may be calculated from the UNECE data for rain-exposed sur
faces. The loss agrees extremely well with Jaynes and Cooke 1987 for 
their exposures of Portland limestone. They report at 40pg/m3 S02 a
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loss of 10.3gm/year, and at 70gg/m3 S02 16pm/year. The tendency is 
also similar for Cooke and Gibbs 1993, although their absolute values 
are about three times higher, possibly because they used a less resistant 
limestone.

Table 2. Average long-term stone material loss rates at various sulphur dioxide 
concentrations derived from the UNECE field exposure programme.

S02pg/m3 Stone material loss rate, pm/year Increase over natural rate, %

0 3 -

5 3.8 27
10 4.7 57
20 6.4 1 10
40 9.8 230
SO 1 1 270
100 20 570

It would of course have been disastrous for the heritage if the high concen
trations of sulphur dioxide existing in about 1970 had persisted for decade 
after decade. The life expectancy of carved stone, for example, would have 
been quickly reduced. But the sulphur absorbed by stone decorations re
mains in the stone to a great extent and has irreversibly damaged it, mak
ing it more porous.

Nitrogen dioxide and ozone are oxidising agents which can facilitate a 
reaction of sulphur dioxide with stone and metal. Field surveys, for exam
ple in the British study (Cooke and Gibbs 1993), provide no clear indica
tion, however, as to whether this effect is of any practical significance. 
Heavy concentrations of nitrogen dioxide, however, contribute towards a 
general acidification which affects materials. Nitrogen dioxide can also 
provide nourishment for micro-organisms which are harmful to stone.

Particulates can aggravate weathering both by binding moisture and by 
catalysing chemical reactions. Quantitative data on this are lacking.

Motor traffic leads to the formation both of nitrogen dioxide and of 
ozone and particulates. Weathering may possibly be affected more by the 
particulates than by nitrogen dioxide and ozone. The effects can be moder
ate, but they need to be charted more extensively. Due to the wide scatter 
involved, a study of this kind will have to be made very comprehensive 
indeed if it is to provide a clear indication.

Salts from the soil, road salting and the sea can spread far in the atmos
phere and in surface water and can enter buildings by capillary attraction. 
Salt damage is one of the gravest kinds of damage occurring in building 
stone and archaeological remains. Salts also seem to enhance the effect of
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sulphur dioxide on stone as well as metals. Weathering rates in coastal 
areas are up to twice the inland rates (Cooke and Gibbs 1993, UNECE 
1995)

In summary, the combined effect of pollutants in southern Sweden at 
1995 levels may cause weathering of stone to increase by about 50%. This 
translates directly into shorter life for monuments and buildings. A monu
ment which would survive 200 years in clean air is expected to survive only 
130 years in the present environment.

The Central Board of National Antiquities (Lindborg 1990) formulated 
a series of tentative values for acceptable concentrations of pollutants in 
the outdoor air compatible with a reasonable degree of security for the 
heritage. In the light of results since 1990, it can be said that the sulphur 
dioxide limit was reasonably well chosen. The limit implies that we are 
prepared to accept an increase in the rate of chemical weathering of stone 
by up to 30% due to sulphur dioxide alone. It may be necessary to reduce 
the limit in the future. The limits for nitrogen dioxide and particulates were 
probably on the low side and are now being raised. The 1996 recommen
dation refers to whole-year averages and is presented, together with the 
1990 recommendation, in Table 3.

Table 3. Acceptable concentrations of air pollution (present and earlier recommen
dations).

Recommended limit values, pg/m3

Pollution 1990 1996

Sulphur dioxide 5 5
Nitrogen dioxide 10 20
Ozone 50 50
Particulates 10 10
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Weathering of stone materials
Runo Löfvendahl

Weathering of dressed and shaped natural stone differs in certain respects 
from the degradation of stone under natural conditions. Arnold (1977) has 
summarised the differences in tabular form (Table 4).

Table 4. Differences in the degradation of stone in the natural state and dressed 
stone (after Arnold 1977). Natural outcrops of rock have a limited interface with 
the atmosphere. Weathering produces rounded shapes and changes of colour which 
in many cases improve the stone's appearance. By contrast, a stone dressed and 
shaped by human beings will only deteriorate when its surface is transformed and 
disintegrates.

Natural stone, weathering Dressed stone, weathering

Weathering, one surface Weathering, several surfaces
Undressed/ice-ground surface Dressed surface
Slight damage negligible Slight damage serious
Only long-term changes palpable Short-term changes palpable
Surface characterised by weathering Surface characterised by dressing
Ubiquitous Mainly occurring in towns/churches
Little impact from air pollution Distinct impact from air pollution
Chemical weathering extensive Chemical weathering limited

The degradation of dressed and shaped stone is a complex process. It is the 
sum total of chemical, physical and biological processes. By chemical proc
esses we mean above all the solubility of rock-forming minerals in more or 
less pure water. Physical processes include volumetric change resulting 
from variations in temperature, pressure and humidity, including freezing 
and crystallisation. Biological processes include the influence of flora and 
fauna, human activity not least. Generally speaking, these different types 
of process interact and succeed one another in time and space. This is sub
ject, of course, to human activity having created the objects or the message
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in them. Man also plays a very important part in the transformation and 
degradation of objects, both through neglect, through his impact on sur
rounding conditions and by taking the wrong sort of action.

Three main types of stone object occupy the focal point of our activities 
at the Central Board at present, namely (in chronological order):

1. Rock carvings, mostly from the Bronze Age, 1800-500 B.C. This mate
rial is dominated by granites, but more sensitive sedimentary rocks also 
occur.

2. Runestones, mainly Viking Age, from the 11th century A.D. This material 
is dominated by granites, but other types of stone, such as limestones, 
occur locally. This category can also be taken to include the picture stones 
(petroglyphs) of Gotland, which are generally somewhat older.

3. Buildings and sculptural decorations. These span from the late 11th cen
tury A.D. to the present day. Our main concern is with older buildings 
and sculptural stone down to the latest turn of the century, which to a 
great extent consist of limestones and sandstones. Granites only began 
to be used in the second half of the 19th century.

Internationally, care has long been devoted to preserving different types of 
carbonate stone and lime-bound sandstone in buildings and sculptural dec
orations from classical times onwards (e.g. Amoroso & Tassina 1983; 
Ashurst & Dimes 1990). Measures in the form of cleaning, mending and 
surface treatment have been carried out over a considerable period of time, 
not least on the continent of Europe (Arnold 1977; Wihr 1981). One pivot
al concern here has been to restrain the dissolution of calcite and its con
version into gypsum.

Granite, being a far more resistant material, has not attracted the same 
amount of interest. Regionally, however, heritage objects of granite are 
common, e.g. in Scandinavia (Ringbom 1987) and Scotland (Webster 
1992). The weathering of granite minerals, above all feldspar and mica 
minerals, has been investigated from a more general geomorphological 
(e.g. Ollier 1984) and geochemical point of view (Garrels et al. 1975; Drev
er 1982; Berner & Berner 1989).

Generally speaking, it is purely chemical weathering which can be quan
tified. Physical and biological processes are a good deal more difficult to 
quantify, both in the field and in the laboratory. Here we shall briefly sum
marise the general knowledge underlying the degradation studies of “herit
age stone” funded by the Conservation Institute (RIK) at the Central Board 
of National Antiquities (RAÄ).
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Chemical weathering
In carbonate rocks, it is the mineral calcite which determines the durability 
of the stone. Sculptural and building stone outdoors are affected by at least 
three chemical factors, namely:

1. Precipitation in the form of rain (and snow) with its variable chemical 
composition.

2. Atmospheric content of gases and particles.
3. The production by biological organisms of various more or less water- 

soluble chemical substances in order to extract nourishment from the 
substrate. This also includes the cleaning and maintenance of the surface 
of the stone using chemical agents.

The solubility of calcite under various natural conditions is clearly defined 
(Stumm & Morgan 1981). There are several studies in which the chemical 
impact on stone has been quantified by exposure of fresh pieces of stone, 
the loss of material being measured by weighing and/or chemical character
isation of catchment water and run-off (Jaynes & Cooke 1987; Cooke & 
Gibbs 1993). Studies have also been made of S02 uptake on calcite stone 
surfaces and its conversion into gypsum, as well as its leaching through 
rainfall (Livingston 1993; Cooke & Gibbs 1993). Exposure of fresh pieces 
of stone nearly always involves periods of less than five years. This is not 
long enough for physical and biological processes to produce any noticea
ble effects, and so it is exclusively chemical dissolution and, in rain shadow, 
sulphatisation of carbonate stone that are quantified.

Because carbonate rocks, used in older buildings and sculptural decora
tions, are relatively prone to weathering, they have been studied thorough
ly, not least in the south of Europe. Nothing like the same amount of study 
has been devoted to the degradation of granites, the main constituent min
erals of which are quartz, feldspar and mica. Whereas potassium feldspar 
and, above all, quartz are highly resistant and insoluble in water (cf. Table 
11; see also Gullman 1992, p. 15), plagioclases and biotite dissolve more 
easily. It is above all the plagioclases, usually constituting 10-25% of the 
rock, that are broken down. Several computer models of chemical weather
ing have been constructed, but they all have their limitations and inherent 
uncertainties.

Physical weathering
Physical weathering is a very wide-ranging concept and includes water up
take with attendant swelling through ion exchange reactions and/or up
take of crystal water, crystallisations/phase transitions, thermal expansion
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and cooling contraction, uneven load and pressure, ground movements in 
the form of tremors and vibrations from blasting operations or traffic. It 
also includes mechanical wear from wind-borne particles and other types 
of mechanical, often anthropogenic, damage.

The physical properties of natural rocks are important and control their 
resistance to degradation outdoors. Porosity (and permeability) are proba
bly the most important physical factors of all (e.g. Winkler 1973; Robert
son 1982). The porosity of ordinary building stone materials varies im
mensely, from less than 1 % in the case of granites and other magmatic and 
metamorphic rocks up to 30% for sandstones and limestones. The degra
dation rate is affected, not only by porosity but also by the pore size distri
bution of the material. Rocks with fine, coherent pores have a very high 
capillary water absorption capacity. In damp conditions, rocks of this kind 
are almost completely saturated with water. A stone with a porosity of a 
few per cent or more, and liable to become completely saturated with wa
ter is seriously in danger of congelifraction (disintegration by freezing) in a 
temperate climate (Hudec 1989). Permeability increases in line with pore 
size, so long as the pores are open. Thermal properties such as the coeffi
cient of thermal expansion of minerals are another important factor of 
damage. Electrical and magnetic properties, on the other hand, play a neg
ligible part in weathering processes.

Physical processes cannot be simulated and quantified in the same way 
as chemical weathering (the solubility of minerals in water). Many of the 
physical processes are entirely random and in some cases discrete. Some 
processes, however, can be simulated in the laboratory, e.g. freeze/thaw 
cycles, load, mechanical strength or swelling through water absorption in 
clays. Earlier work in this field has mainly been concerned with such artifi
cial materials as concrete and brick (Verbeck & Klieger 1957; Fagerlund 
1977).

Biological weathering
The importance of this type of weathering compared with the two dis
cussed previously remains fairly unclear. Biologists and microbiologists 
consider this factor very important, whereas chemists and physicists often 
neglect it. Obviously, microbiological activity is always found on and near 
the surface of the stone, even if the stone is quite unaltered (Krumbein 
1988). The effects of lichen on mineral surfaces are complex and very often 
destructive (Wilson 1995). Methods for quantifying microbiological activ
ity exist (Warscheid et al. 1990; Wasserbauer 1994), but are not systemat
ically used. Macroscopic colonisation by algae, lichens and higher plants 
progresses quite rapidly on buildings in Sweden. Whereas algae mainly 
flourish on damp surfaces sheltered from the sun, lichens appear in practi-

15



cally all environments, so long as the surface is covered or struck occasion
ally by dew or rain. Algae and lichens can accelerate degradation in several 
ways, viz:

1. They retain moisture and in this way cause longer wetness periods and, 
consequently, mineral dissolution.

2. Dry-damp cycles cause the organism to expand and contract, producing 
mechanical wear and stresses in the surface on which they are growing.

3. Lichens secrete lichenous acids, often more or less endospecific, which 
attack the substrate. The body of the crustose lichen, moreover, consists 
to a great extent of oxalates, and these in an acid environment corre
spond to oxalic acid, which attacks the minerals. Endolithic lichens (i.e. 
those growing inside the stone) create cavities beneath the surface of the 
stone, thereby facilitating subsequent physical attacks.

4. Algae and lichens, because they conceal messages on the surface of the 
stone, are removed by chemical or mechanical means. Recurrent clean
ing of this kind damages the surface of the stone.

When weathering has progressed and higher plants and shrubs become 
established, root bursting is a destructive process, not least on ruins. 
Climbing plants like Virginia creeper and ivy may be beautiful to look at, 
but their roots penetrate fissures and soft joins and make the microclimate 
damp. One such example is the centuries-old ivy in the ruined church of St 
Karin, Visby, the roots of which have grown right through the mortar. To
day that ivy cannot be removed because it is partly holding the masonry 
together.

Anthropogenic influence
This is really a form of biological weathering and can be very important. It 
can assume both active and passive forms. The passive form is founded on 
ignorance and includes the choice of bad material, neglect and the absence 
of maintenance or unintentional impairment of the environment, e.g. in
creased concentration of S02 in the atmosphere or an increased quantity of 
soot. The active form comprises incorrect cleaning and surface treatment, 
incorrect mending of stone or pointing or sheer vandalism.

The human factor is often underrated, but in many cases it is the main 
cause of damage. Our runestones are an excellent example of this. Out of a 
total of some 2,800 known runestones (fragmentary or intact), about 
1,400 have been preserved. Of these, however, little more than half (about 
800) are intact in one piece; the others have been patched together and 
mended, often extracted in several pieces from the walls of churches. Nat
ural weathering cannot possibly degrade and fragment a normal runestone
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in a thousand years. All fragments of original stones, therefore, have, one 
way or another, been destroyed or smashed by ignorant human beings. In 
other words, at least two-thirds of Sweden’s runestones have been subject
ed to advanced human destruction.

The salting of streets and steps is a very important factor in the weather
ing of porous sandstones and limestones and mural paintings in buildings. 
In addition to the repeated crystallisation and dissolution of salt minerals 
when relative humidity (RH) passes their equilibrium relative humidities, 
salts are also hygroscopic and absorb moisture, with the result that salt- 
saturated stone is kept more moist for a greater length of time.
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Rock carvings
Runo Löfvendahl and Ulf Bertilsson

Background
During the period the general inventory of damage continued as part of 
stage 1 of the inventory programme. It covered about a hundred rock carv
ings in Bohuslän, Östergötland and Uppland. Despite the differences of 
bedrock in these provinces—granite in Bohuslän, mica schist and metased
iment in Östergötland and granite, gneiss and mica schist in Uppland—the 
frequency of damage is high, 70-80%. The results of the inventory have 
been successively entered in the HRIST database, development and build
up of which was one of the original objectives defined at the commence
ment of the inventory in 1988. The content of the database will also serve 
as a basis for measures of care and conservation. The development work 
has now entered its final phase.

On the basis of the results from stage 1, a “blacklist” was compiled of 
the worst-damaged rock carvings in northern Bohuslän. Some fifty carv
ings are listed and since 1994 have been the subject of in-depth damage 
inventory. In this connection, damage has been documented in detail 
(Magnusson & Berg 1994). Another hundred or so carvings in Bohuslän 
have since been documented in the same way, and a preliminary report on 
this work has now been completed (Magnusson 1995).

World heritage nomination
In December 1994 the central rock carving area at Tanum was added to the 
UNESCO World Heritage List, on the grounds that it constitutes a heritage 
area whose preservation is of importance to the whole of mankind. 
Through the nomination, Sweden has undertaken to preserve the carvings 
for all time. This has augmented the importance of the damage inventory 
and of other measures with reference to the rock carvings under the so- 
called Air Pollution Project. One conceivable future scenario is that similar 
measures may be needed as part of UNESCO’s global preservation work.
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However this may be, the importance of international contacts is bound to 
increase. As part of this, the heads of the Nordic boards of national antiq
uities have agreed to start a special “Rock Art Project”, of which the expe
rience gained through the Air Pollution Project forms a major component. 
Two introductory seminars, with documentation questions among the 
points on the agenda, have been held so far.

Another consequence of the World Heritage nomination is that the de
tailed inventory of damage now concentrates on the Tanum area, which 
contains a total of some 360 rock carvings. The inventory has already been 
inaugurated by the Göteborg County Antiquarian, who is responsible for 
its practical implementation. The experience derived from this inventory, 
which in practice amounts to a third phase, will, by virtue of the great 
volume involved, have a very important bearing on the choice of future 
methods and strategies of practical care and conservation.

Damage description
The previous report described the work conducted and funded by the the 
Central Board of National Antiquities (RAÄ) (Bertilsson & Löfvendahl 
1992); more recently, a popular account has been presented by Löfvendahl 
& Bertilsson (1995). The development of damage to rock carvings has at
tracted a great deal of attention in recent years. Strömberg (1959) already 
discussed various types of weathering of Swedish rock carvings, both in 
Bohuslän and in the Norrköping area. He noted both mechanical and 
chemical weathering as central problems and also warned that an overbur
den with bicarbonate-rich surface water in granite terrain can produce 
heavily augmented weathering. Mickelsen (1992) has been working since 
the 1960s on rock carvings and their degradation in Norway, above all in 
Vestlandet. Several important Norwegian areas of rock carvings are locat
ed on extremely sensitive schists which degrade rapidly. He has drawn at
tention to the destructive effects of vegetation on rock carvings (Michelsen 
1992, pp. 20-21), especially with reference to mica schist at the Ausevik 
rock carvings. Helskog (1992) has discussed the situation of the carvings in 
the Alta area in north Norway, and especially the negative effects of uncon
trolled visits by tourists.

Coles (1992) has been studying Scandinavian carvings, above all those 
in southwest Uppland, since 1976. These are located in a typical agricultur
al district where both meteorological factors, agriculture and tourism are 
important ingredients. He has observed various types of damage related to 
human activity, such as iron-shoed horses crossing the rock faces, village 
roads and clearance cairns on the surfaces of the carvings and even direct 
mechanical interference from hammer blows. In addition, of course, there 
is natural mineral weathering and exfoliation. He recommends a carefully
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considered programme of documentation, followed by the selection of im
portant carvings to be covered over. He also points out that runestones and 
picture stones are threatened with the same types of damage.

The rock carvings of Østfold County in the southeast of Norway, together 
with those in Bohuslän in Sweden, form the largest area of rock carvings in the 
Nordic countries. Østfold has about 360 rock carving sites (Hygen 1994), 
careful documentation of which has now started. This has revealed that 20% 
of the carvings known previously are no longer to be found. There may be 
several reasons for this, e.g. they may have eroded away or they may now be 
covered by soil and vegetation. Following the 1994 field season, a damage 
inventory was taken of 133 sites. Of these 45 (34%) have suffered directly 
anthropogenic damage (Vogt 1994). The types of damage include wear inflict
ed by agricultural implements, deposition of rubble, drill holes and quarrying 
and damage by fire. Remedial measures have also been started (Hygen 1994; 
Egenberg 1994).

One of the big problems about all studies is that we know nothing whatso
ever about the history of the carved surface. We do not know how old the 
carvings are, how long they have been exposed to the atmosphere or how they 
have been uncovered. Good documentation is always lacking. Nor can the 
rock carvings be treated as a homogeneous group. The substrate—that is, the 
bedrock—is the central factor here. Swedish rock carvings occur both on fria
ble limestones (though rarely) and slates, as well as on amphibolite, granite 
and quartzite, which are more resistant. Whereas limestones mainly weather 
chemically, quartzites are above all affected physically by cracking, this type of 
rock being brittle.

There are several possible ways of elucidating the connection between dam
age and causes. One is statistical, another is based on chemical mass calcula
tions. By characterising and quantifying damage and all factors which may 
conceivably cause it, cause and effect can be clarified by means of statistical 
evaluation. This is the underlying idea of an in-depth documentation and dam
age description of 50 carved faces of Bohus granite in northern Bohuslän 
(Magnusson & Berg 1994). That study is now being expanded so as to include 
another 100 rock carving sites (Magnusson 1995).

In the course of damage description and documentation in Bohuslän (Mag
nusson &c Berg 1994), a total of 39 variables have been recorded. Some of 
these have been quantified, while others are binary. The documentation in
cludes the geology, structure and geographical location of the rock and various 
meteorological and environmental parameters. The main intention is to distin
guish the types of damage, which are divided into chemical weathering (miner
al weathering), granular weathering, flaking and exfoliation (Magnusson & 
Berg 1994, p. 2). Chemical weathering is a consequence of plagioclase being 
broken down, whereupon the mineral becomes so soft that it can be crumbled 
with a knife point. In granular weathering, the cohesion of the mineral grains
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Fig. 2. Exfoliation damage and lichen growth on the rock carving at Dalbergsä, 
Dalsland. Photo R. Löfvendahl 1990.

is weakened to such an extent that an individual grain can easily be dislodged. 
Flaking refers to the loosening of thin, polymineral aggregates from the sur
face. Granular weathering and flaking can be hard to distinguish from each 
other. Exfoliation, lastly, means the loosening of millimetre-thin leaves and 
cakes from the surface of the stone (Fig. 2). Other types of change and damage 
are cracks/cracking, colonisation by vegetation and salt precipitation. The lat
ter two can also be regarded as causes of weathering.
The statistical evaluation of the status of the rock carvings of Bohuslän and 
causes of their degradation yielded the following preliminary results:

1. Dry deposition, above all of sulphur dioxide but also of sea salt, must be 
limited or rinsed away at regular intervals.

2. Acid precipitation and acid surface water should be prevented from 
flowing over the rocks.

3. The rock surfaces should be kept clear of leaves, pine needles and lichen 
growth.

4. Drastic fluctuations of temperature should be avoided.
5. Vehicular traffic near the carving appears to have a negative impact.

Generally speaking, most of the damage we are discussing is entirely sur
face-related: it does not occur on rock surfaces covered by soil and moraine 
(with certain exceptions). Excavation of the rock, therefore, usually short
ens its survival time. This also applies if lichens and mosses are removed at 
regular intervals, especially if the methods used are brutal ones.
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Field and lab studies
Investigation of a rock carving site, both in terms of damage and chemically/ 
physically, e.g. by means of chemical mass balance calculation, can clarify 
degradation and its causes. On a basis of this kind one can simulate the most 
important sub-process(es) by means of lab studies and decide what governs 
them. This point of departure is employed by Sjöberg and associates at IGG- 
SU (Estmark 1992; Frogner 1993; Sjöberg et. al. 1995a).

A number of rock carvings have been chemically examined by means of 
sampling and analysis. A reconnoitring study of rock carvings in the Nor
rköping area (Estmark 1992) in connection with the construction of a new 
section of road revealed that open fields, actively farmed, had such a heavy 
impact on the environment that chemical studies with estimated mass bal
ances were rendered uncertain; all natural factors are concealed by extreme 
particle transport in connection with the tilling of the soil or when the soil is 
left free of vegetation cover.

The rock carvings surrounding Boglösa Church in southwestern Uppland 
in metamorphosed sedimentary rocks, both sandstones and claystones, are 
delicate. The main minerals in these rocks are quartz, sodium-rich plagiocla- 
se, biotite and muscovite (Sjöberg et al. 1995a). The surfaces of the rock 
carvings present extensive damage, above all selective weathering (mineral 
weathering), lacunae, exfoliation and discoloration from precipitation of 
iron. A special study was made of spalled sections. The least damaged parts 
contained, among other things, chlorite, which is an alteration product of 
biotite. The worst-damaged parts, moreover, featured the very expansive 
clay minerals smectite and vermiculite, the latter being an alteration product 
of chlorite. Chlorite and vermiculite are similar in structure and form more 
or less continuous transitions. Iron can leave the chlorite mineral and form 
oxides of its own, producing a rust colour on the surface of the stone. The 
expanding clay minerals, however, are present, not only in the surface of the 
stone but also in fissures to a depth of several decimetres (indeed, probably 
metres) below the surface. The swelling clay minerals have not necessarily 
been formed by exogenous weathering. At its formation, the entire area was 
subjected to hydrothermal conversion from the circulation of warm water 
solutions, after which the area underwent metamorphosis. Care should 
therefore be exercised before drawing definitive conclusions about the cause 
of the change. Simulation experiments can be performed in the laboratory so 
as to arrive at a better understanding of the weathering processes.

As stated earlier, mass balance calculations are often employed in order to 
estimate the weathering kinetics of rock faces in the field. A certain area or 
volume is defined and the supply to it and removal from it of various ele
ments quantified. The difference between removal and supply then corre
sponds to the total weathering. Mass balance calculations have been at
tempted on a number of rock surfaces at Aspeberget and Vitlycke in Bohus-
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län (Frogner 1993; Sjöberg et al. 1995a). Following a number of initial diffi
culties connected with sampling methodology and collection of water, data 
have now been obtained for the period May-November 1994. Precipitation 
has proved to be very salty—the sea is only about 5 km away. Consequently 
the precipitation is dominated by the ions sodium and chlorine (sea salt). On 
the basis of the sulphate/chlorine ratio in the sea, it has been possible to 
calculate a 50-75% surplus of sulphate in relation to chlorine, i.e. more than 
half the sulphur is of non-marine origin. Instead it is probably derived from 
air pollution. The sulphur is deposited both dry in gaseous form or with 
particles (dry deposition) and wet with rain. The plan is to try and quantify 
the proportions of dry and wet sulphur. Magnesium occurs at the carvings in 
the same ratio to sodium (and chlorine) as in the sea, which suggests marine 
origin. In some cases it is notably depleted, which indicates biological uptake 
(magnesium is a bionutrient). Throughfall from trees are much more acid 
than precipitation and heavily concentrate the majority of ions, which sug
gests extensive dry deposition on needles and leaves. Water flowing over the 
worst-damaged rock face (which has now been roofed over) is more acid and 
richer in dissolved ions than the throughfall.

Rough estimates (Sjöberg et al. 1995a) show chemical weathering over 
the past 3,000 years (given constant conditions) to correspond to weathering 
of the plagioclase by 0.1 mm. It is probably the weathering of the grain 
boundaries which is important and causes minerals to fall victim to subse
quent physical weathering, e.g. freezing. A rough estimate of the total weath
ering is obtainable, for example, from measurements of surface irregularity, 
which show the roughness of Bohus granite to increase by about 1.5 mm/ 
1,000 years (Swantesson & Oldberg 1993). Chemical weathering, then, 
would seem to constitute less than 5 % of the total amount. An approach of 
this kind is misleading, however, because chemical weathering is a necessary 
prerequisite for subsequent physical weathering.

Remedial action
The complicated nature of damage makes remedial action difficult to take. 
Basically one can say that there are three main principles to be considered 
when discussing rock carvings and their future, namely:

1. Maximising preservation for the future.
2. Preserving the site intact or attempting to restore it to the original envi

ronment.
3. Adapting the site for visits and information.

These three principles are partly contradictory and cannot possibly be sat
isfied all at once. This makes it necessary, following a systematic descrip-
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tion and documentation, to determine the main objective for each rock 
carving site. Thus the main objective for each site should be classified in the 
same way as has been outlined in Østfold (Hygen 1994, p. 12). To maxim
ise preservation, one should minimise variations of moisture content and 
temperature, which means enclosing the carving in a closed room with 
climate control or else covering it over. The erection of a building is partly 
compatible with the requirement of access. Given suitable measures such 
as lighting and year-round opening, two of the three above requirements 
can be satisfied. The problem is that one completely destroys the original 
environment, which in itself, of course, is more or less unknown. Several of 
the project proposals entered in the architects’ competition are conceived 
in this spirit.

If, instead of fully enclosing the carving one puts up half-open buildings, 
the surface will probably have to be rinsed with water at certain intervals, 
to remove harmful dry deposition. Another possible form of protection is 
that of covering over the faces of the rocks with loose material such as clay, 
sand, soil or artificial materials like canvas, carpeting or combinations of 
natural and artificial materials. Covering is not a simple, straightforward 
matter, as indeed Strömberg’s (1959) observations suggest. Firstly, it has to 
be made clear whether permanent or seasonable protection is wanted. In 
this discussion it has to be considered, for example, whether one is dealing 
with a limestone surface or a granite surface. The two possibilities will 
therefore be discussed separately.

By seasonal covering we mean that the surface of the carving is only 
covered over for part of the year and is otherwise exposed. Before covering 
it over, we have to know which form of weathering is most harmful, e.g. 
chemical weathering in the form of mineral dissolution or physical weath
ering such as freeze/thaw cycles in winter or drastic daytime/nighttime 
temperature fluctuations in the summer season. This is difficult in the ab
sence of a general weathering model with the forms of weathering quanti
fied. We do, however, feel able to discuss rock carvings on different types of 
rock, such as limestone and granite. Where limestone is concerned, we im
agine that chemical weathering normally predominates (with a structurally 
very anisotropic surface, however, physical processes may be more impor
tant). Allowing for the fact that chemical reactions generally accelerate 
with rising temperature (but practically come to a standstill when water 
freezes) and that precipitation in summertime takes the form of rain, chem
ical weathering will be heavy during the summer season. True, the solubil
ity of calcite diminishes somewhat with rising temperatures above freezing 
point. Consequently the limestone surface is most in need of protection 
when temperatures are above freezing and there is heavy precipitation. But 
the risk of frost damage has to be considered in all the time.

For granite surfaces, physical processes—freeze/thaw cycles not least—
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probably play an important part in degradation. Protection, therefore, 
should be applied to the surface of the rock mainly in wintertime in the 
southern half of Sweden. The intention must be to prevent aqueous solu
tions from reaching the surface, or to prevent the temperature fluctuating 
round freezing point, or both. During the dry, hot summer of 1994, very 
heavy scaling was observed (Bengtsson 1994) on rock surfaces in the 
Tanum district. This clearly shows that general knowledge of weathering is 
not enough: in each individual case, more needs to be known about weath
ering processes, in order to arrive at optimum measures of protection.

Permanent covering is something we have had more experience of. That 
experience tells us that glacially worn rock faces which for a long time have 
been protected beneath loose sediments have been preserved well-intact 
since the last Ice Age. Not just any cover will do, but dense, fine-grained 
clay strata have provided excellent protection. Rock surfaces excavated 
from glacial clays usually have smooth glacial surfaces intact (cf. Samuels
son 1962). Thus there are a number of demands we have to make on the 
covering material, namely:

1. The material should be densely packed and of low permeability, so that 
movements of water in it will be small. Fine-grained sediments like gla
cial clay have these properties.

2. The material should be chemically similar to the material in the rock 
surface, so that the water reaching it will be in chemical equilibrium 
with the minerals in the rock.

3. The covering stratum should be thick enough to prevent frost reaching 
the surface of the rock.

4. If the rock surface slopes, water from above should be diverted and the 
covering must be anchored so that the loose material will not start to 
slip.

Covering has occurred both naturally and by human intervention. Low- 
lying rock surfaces in the terrain are often covered over in time by sedi
ment. Carved surfaces can be covered over for several reasons. Temporary 
cover can break down and remove lichens which have colonised the sur
face. After being covered over for a year or so, the surface is completely 
free from lichen. This method has been used for cleaning gravestones on 
Gotland. In Østfold it is planned to cover weathering-prone carved surfac
es with plastic matting and turf (Hygen 1994; Egenberg 1994). Many of 
the rock carvings which today are exposed were excavated at the time of 
their discovery. Several have been covered over with soil for a longer or 
shorter period, and few, probably, have been entirely exposed since they 
were created. Some have been covered over following discovery, e.g. at 
Högsbyn in Tisselskog (Fnr 14) and one rock carving near Västervik (Fnr
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144, Törnsfall Parish). Some have been uncovered again after being cov
ered over, as in the case of Fnr 303 at Hägvide in Gotland (Fig. 3) and Fnr 
8, Östra Eneby Parish, near Fiskeby, Norrköping. In recent years, three 
rock carvings have been covered over: two in Bohuslän (Fnr 18 on Aspe- 
berget and Fnr 52 in Tegneby) and Fnr 303 in Gotland. The Flägvide carv
ing is limestone on level grazing land. When it was covered over in the 
autumn of 1994, it was in very poor condition, with selective weathering 
and material losses. Before being covered over with about 2 dm of crushed 
limestone, it was carefully documented. A decimeter thick layer of local 
calcareous soil was then superimposed, sown with grass and fenced in. A 
metre-wide zone for runoff was left in the western part of the rock surface.

The carved surface on Aspeberget, measuring 7x5 metres, was covered 
over in September 1993 (Bengtsson 1994). Furthest down is a polyester plastic 
mat, and on top of this half a metre of sand. At the very top is an equally thick 
layer of soil, which is now grass-grown. The material is held in place by a 
wooden frame. The small carving Fnr 52 at Tegneby is relatively horizontal 
and located in a pine wood. This was covered over in the autumn of 1993 with 
about 5 dm quartziferous till and, on top of this, a 5 dm layer of grey-brown 
podzol. A lysimeter has been positioned on this carving, to collect water from 
different depths in the cover so as to investigate the chemical environment and 
its development (Sjöberg et al. 1995, pp. 20-21). From the very beginning, pH 
and cation exchange capacity have been measured at the different levels and

Fig. 3. Damaged rock carving surface in limestone at Hägvide, Gotland, covered 
over since 1994. Photo B.A. Lundberg 1994.
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developments monitored. The amount of cations is considerable in the grey- 
brown podzol but very small in the quartziferous till. The analyses have shown 
the renewal of water with dissolved ions to be rapid. Sulphur and nitrogen 
oxidise in the muddled soil, whereupon pH declines. After the rock had been 
covered over, pH values fell rapidly throughout the profile, declining to 4.5 at 
the actual surface of the rock. This shows that the covered-over material 
adapts to the new conditions. It probably takes several years for a chemically 
stable soil profile to become established. In a stable soil profile, pH in the 
surface water should rise downwards. One needs to model the environment 
chemically, so as to be able to predict what will happen between one and 
hundreds of years ahead (Sjöberg et al. 1995a). The modelling should be com
plete in 1997, after the change has been followed for a number of years.

In connection with the covering over of rock carvings, the taking of casts 
should be discussed. Casts have rather a bad reputation, because very often 
they have been taken by non-specialists in the field. Given thorough prepara
tion, such as the stabilisation of weak surfaces, however, the taking of casts is 
harmless and in many ways interesting. For one thing, a copy of the possibly 
covered-over carving can be displayed both on the spot and, for example, in a 
museum. Then again, in certain cases the cast can facilitate interpretation of 
the inscribed or carved message, but it can also clarify the technique used in the 
carving (Benner Larsen 1995). Both the casting preparation, usually silicon in 
a of plaster mould, and the labour involved, however, are expensive. But there 
is probably a good deal of scope for rationalisation, especially as regards the 
application of the silicon to the surface. Work to this end is in progress (Benner 
Larsen 1995).

There are of course less drastic methods of reinforcing carved surfaces and 
reducing their degradation. Most headway in this respect has been made in 
Norway (Michelsen 1992). The Ausevik rock carving site in western Norway 
has received continuous treatment and maintenance since the 1960s. The rock, 
a fragile mica schist, is subject to rapid degradation. The main problem is the 
peeling off of millimetre-thick layers along the foliation, which forms an angle 
to the rock surface. The causes of degradation are water seeping down along 
the foliation, accompanied by freezing and tree roots, mostly pine, forcing 
their way down into the fissures left by foliation. The main task has been to 
secure and consolidate the surface of the stone, for which purpose a cement 
adhesive has been used consisting of an emulsion of PVC and polyethylene in 
water. The loose pieces are secured with this agent, which is also used, together 
with cement and sand, to fill up cracks and cavities. Continuous annual main
tenance is needed (Michelsen 1992). Visitors have to be channelled round the 
surfaces of the carvings and called upon not to carve figures of their own in the 
soft rock (though this has happened). Work on reinforcing rock carving sur
faces has also begun in Østfold (Egenberg 1994).

We are currently operating a project (Strömer 1995) aimed at devising ap-
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propriate preservatives for granite rock carvings and runestones. This project 
is primarily concerned with developing a mending mortar, but cleaning, con
solidation and painting will also be dealt with. The mending mortar will be 
used for mending cracks and exfoliated surfaces. The problem of securing la
cunae is also to be studied. Practical studies using various conceivable mending 
mortars have started, both in the laboratory and in field conditions.

Existing cleaning methods are to be evaluated and new ones tested. The 
intention is to find methods which are as effective and gentle as possible. 
There is widespread demand for a consolidating agent which reinforces the 
weathered stone. A test series has begun on granite slabs outdoors, and fur
ther studies are to be conducted in the laboratory. Several years’ testing will 
be needed before any consolidating agents can be decisively evaluated. 
Where painting is concerned, the choice of paint has been discussed a great 
deal and paints used are to be evaluated. On the strength of those studies it 
should be possible to recommend a suitable paint. In f 996, work will be 
summarised in a small publication describing the methods of conservation.

One factor of degradation has been the rapid transformation of the im
mediate surroundings of the carvings. One such example is the rapid transi
tion from broadleaf to conifer forests, for example in Bohuslän. Positive 
changes in the immediate environment can be of great value to the rock 
carving surfaces. The planting of protective screens of trees in the direction 
of the prevailing wind effectively traps harmful dry deposition. Care should 
then be taken, of course, to ensure that the precipitation on the trees, giving 
throughfall, does not flow over the surface of the rock. The screening of 
roads and traffic and the channelling of visitors so that they do not step on 
the surface of the carving are of course important as well.

Water frequently flows over the rocks. This can have a great variety of 
consequences. Permanently flowing, well-buffered water probably gives the 
rock no small measure of protection from weathering. Intermittent, acid 
water, on the other hand, can be very harmful. Damage such as selective 
weathering and flaking is very common, especially on the edge of the water 
flow, where there are constant fluctuations between damp and dry condi
tions. In cases of this kind, the damage is probably compounded by the dis
solution and crystallisation of inorganic efflorescence and oxalates.

Lichens and mosses rapidly colonise free surfaces of stone if they are not 
more or less permanently flushed by water. This vegetation conceals the rock 
art and impedes visual experience of it. Many different methods, both me
chanical and chemical, have been employed for removing vegetation. Many 
chemical agents, such as formalin (Bengtsson 1994), sodium hypochlorite 
(Milstreu 1993) and hydrogen peroxide, are effective but unpleasant to han
dle. We are tending more and more, however, to use the gentlest possible 
methods, such as short-term covering.
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For future discussion, it is important to observe that every rock carving 
site is unique. Carvings ought, however, to be grouped in some way, e.g.:

1. Carvings which are to be accessible to interested persons.
2. Carvings which are to be preserved (at almost any price).
3. Others should be recorded but left as they are.

Supervision and maintenance, referring mainly to group 1, above, are cru
cial. Group 2, of course, should have a maintenance plan and should be 
checked annually by the person responsible, while group 3 need only be 
checked at longer intervals of time. Supervision and maintenance are a 
local task to be performed by a county museum or local heritage associa
tion. This includes keeping the carving and its surroundings clean and in
tact, and keeping up paths, platforms and information boards. Care 
should be taken to keep the carving free from moss, lichens and other veg
etation. Furthermore, by agreement, the carving can be coloured with suit
able paint. A special maintenance plan should be drawn up and somebody 
put in charge of it. National expertise must be available if conservation or 
some major action needs to be undertaken. It seems natural to us that this 
expertise should be affiliated to the Central Board of National Antiquities.

Conclusions
The inventory and more detailed damage documentation of rock carvings 
must continue. This also applies to rock paintings, which until now have 
received niggardly attention. Various types of protection must be provided, 
and supervision and maintenance need to be given better continuity. Local 
and regional authorities, including heritage associations and other interested 
parties, should be put in charge of supervision and ongoing maintenance. 
More should be done to place rock art in its global context. A central nation
al competence function is needed for more complicated measures.
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Runestones
Runo Löfvendahl and Marit Åhlén

In report RIK 6 (Bylund &t Åhlén 1992), a detailed account was given of 
the scrutiny of Sweden’s runestones, runic boulders and rocks. Altogether 
some 2,800 complete or fragmentary runic inscriptions in stone have been 
recorded. Of these about 1,400 are more or less complete. It is from this 
latter group that we have listed and recorded the stones standing outdoors, 
1,176 in all. Our main intention has been to record the status of the in
scriptions and to try to identify the main factors of damage. The field data, 
i.e. the runic records (Fig. 4), have been entered in a computer file which is 
now (October 1995) almost complete. When the final additions have been 
made, the entire material is to be statistically processed in order to clarify 
the connections between damage and environmental parameters. A final 
report on the entire work will be ready in 1996.

The picture stones of Gotland form a group in their own right, with 
problems resembling those of the runestones. There are not quite 500 com
plete and fragmentary picture stones altogether (Nylén & Lamm 1987). 
Most of these are now indoors, at Gotlands Fornsal in Visby or at the 
Museum of National Antiquities in Stockholm. Quite a few have been 
walled up inside buildings. Just over 50 picture stones, however, are still 
standing out of doors (Fig. 5). These were listed and documented during 
the summers of 1993 and 1995 (Löfvendahl & Åhlén 1993), but a final 
report has yet to be prepared.

Rune data
Recorded data, i.e. particulars of the condition of each stone, as regards 
the state of its surface, the occurrence of cracks and whether these are 
closed or open, spalling, lacunae, the state of mends and types of mending 
such as cement, iron ties etc., are to be processed and combined with data 
concerning the Immediate surroundings of the stone - rural/urban, prox
imity to roads, surrounding vegetation and so on.
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RUNREGISTRANT

Socken.......................Fastighet..............................................Rnr........ Landsk......
Rest st/BIock/i Mur/Annan Inne/Ute Orient: N NO 0 SO S SV V NV 
Urnord/Vikingat/Medelt/Sent Hel/Skadad Skylt Ja/Nej
LAndsb/TätOrt/INdust/TrädG/StVäg/MVäg/VAtten/BUskar/TRäd/FRitt

Ristningsyta: höjd.....cm bredd...... cm runhöjd...... cm

Stenens största höjd.... cm bredd...... cm tjockl........cm

Bergart(er)...............................................................................................................

RIKSANTIKVARIEÄMBETET Runverket

Kornstorlek: Fin/Medel/Grov Struktur: SLät/SKrovlig/Grovt Skrovlig 
Sprickor: Slutna/Läkta/Öppna Genomgående/Ytliga Vinkel ristnyta.....gr

Vegetation: Skorplav/Bladlav/Navel-busklav/Mossor/Alger Övrigt...............

......................................................................................... Täckningsgrad.......... %
Skador: Avspj.....cm^ dj...... an Lok.................................................................

Bomt......cm lokalisering....................................................................................
Sprickzon......cm^ lokalisering..............................................................................

Mineralförlust/Krusta/Järnutfällning/Saltutfällning/Cementutfällning/

Övrigt........................................................................................................................

Föreslagna åtgärder................................................................................................

Vidtagna åtgärder

Kommentarer

Fig. 4. The rune record form.
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Fig. 5. Gotland picture stone in 
Forss, Parish of Stenkumla, Fnr 
69, with heavy lichen growth, 
including round white chalko- 
philous lichens. Photo B.A. 
Lundberg 1995.

Rock identification has been an important part of the survey. Previous 
particulars concerning rock have in several instances been incorrect or in
complete. In addition to our inventory, Hagenfeldt & Palm (MS) have 
studied runestones of Proterozoic sandstones (Mälaren, Roslag and Gävle 
sandstone), of which they have undertaken a detailed stratigraphic classifi
cation.

Most runic inscriptions in stone, 85%, are Viking, from the 11th centu
ry A.D., but there are also earlier Old Norse and later medieval inscrip
tions. By far the commonest rock for runic inscriptions is granite. About 
70% of the runic monuments are carved in granite. Gneiss and gneiss gran
ite come next, accounting for upwards of 7% each. Sandstone and lime
stone each account for 5% of carvings. The remaining 5% include inscrip
tions in slate and amphibolite, for example.

The runic carvings occur in the regions which were already populated in 
the Viking age, and usually they were carved in memory of the dead. Often 
the runestones stood by roads and paths or close to bridges or waterways. 
Later, during the early Christian era, many runestones were moved from 
their original positions and, above all, used for the building of stone 
churches but also in other connections, e.g. as steps in houses. A large 
number, however, remain in situ. Many are fragmentary and have been 
smashed, not least for use as building stone. Runic inscriptions most often 
occur on standing stones. About 80% of inscriptions occur on this type of
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monument. Boulders set in the ground and rock faces together contain 
about 10% of inscriptions. Roughly 6% are on stones which have been set 
in walls, usually the walls of churches. Runestones of both granite, gneiss, 
sandstone and limestone have been incorporated in this way.

The runestones present an immense variety of damage, the causes of 
which can be both natural and anthropogenic. A large proportion of the 
fragments existing represent original stones which were smashed by later 
generations. Common kinds of natural damage are exfoliation and, in this 
connection lacunae and cracks. Other important types of damage are min
eral weathering, exfoliation and various kinds of mineral precipitation on 
the surface, in the form of rust or salt. Mending of cracks and cavities in 
the surface, e.g. using highly cementicious mortar, can also cause precipita
tion later on. Mineral weathering eventually makes the surface of the stone 
rougher, the reason being that easily eroded minerals are dissolved while 
more resilient ones are left intact. Biological accretions on the surfaces of
ten cause awkward problems, because the runic inscriptions are then hid
den. Various types of lichen and moss are especially common. If the stone is 
in a damp position, e.g. beneath a tree or on forest land, it is often covered 
by bluish-green algae or hydrophilous lichens.

The preliminary evaluation of damage and its causes has revealed severe 
damage to stones set in walls outdoors. Probably it is moisture containing 
salts and absorbed by capillary uptake which, when dryness and wetness 
alternate, causes lacunae and exfoliation. It is above all sandstones and 
limestones which have been damaged by incorporation in the walls of 
buildings. But walled-in runestones of granite are also over-represented as 
regards exfoliation and the occurrence of lacunae. Stones in buildings have 
also in some cases been destroyed by fire. Previous evaluation also indicat
ed a connection between pollution from traffic (proximity to a busy road) 
and damage to runestones, but this connection appears to be a weak one. 
On the other hand, there have been cases of motor vehicles colliding with 
and damaging stones by the roadside.

Damage monitoring
We are keeping an especially close watch on the development of damage to 
22 valuable runestones. These have been selected because they represent 
runologically interesting carvings presenting different kinds of serious 
damage (Table 5). For these 22 runic carvings, we are recording the trans
formation and course of degradation by means of extra meticulous docu
mentation and recurrent photography. The stones are being photographed 
at three-yearly intervals, both generally and in detail. Some of the stones 
have also been micro-mapped with a laser surface gauge.
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Table 5. Valuable runestones under special surveillance.

Number Place Type1 Rock type Age2 Described (year)3 Damage type4

Dr 264 Vismarlöv, Scania Es Metavolcanite V 1624(1627) Ex, Cr
Dr 345 Simris, Scania Es Quartzite V 1716 Ex, Cr
ÖI 018 Seby, Segerstad Es Limestone V 1634(1670s) Lm
ÖI 037 Lerkaka Es Limestone V 1634( 1670s) Mu, Lm
Sm 101 Nävelsjö Es Gneiss V 1832 Mu
G 104 Lye Church W Limestone M 1863 (1923) Mw
- St. Hoburga, Fårö Rs Limestone M 1844 Ex, Cr

Vg 055 Källbyås Es Limestone V 1555(1669) Lm
Vg 190 Månstad kulle Es Granite gneiss V 1905 Mu, Dc
Og 136 Rök Church Es Granite V 1670s Lm, Ex
Sö 014 Gåsinge Church Es Sandstone V 1680s Mu, Ex
So 056 Fyrby B Gneiss V 1855 Cr, Dc
So 278 Strängnäs Cathedral Bw Sandstone V Early 18th C. Mu, Ex
U 001 1 Hovgården B Granite V 1670s Lm, Cr
U 0058 Riksby Rs Granite V 1904 Ex, Cr
U 0287 Vik, Hammarby Es Granodiorite V 1680s Ex, Cr
U 0296 Skånela Church Bw Sandstone V 1680s Ex
U 0455 Näsby, Odensala Es Granite V 1632 Cr
U 0513 Rimbo Church Bw Gneiss V ca 1600 La, Cr
U 1 149 Fleräng, Älvkarleby Es Sandstone V 17th C. (1690) Mu, Cr
Hs 010 Hälsingtuna Church Es Gneiss V 1630s (18th C.) Cr, Mw
Hs 021 Jättendal Church Es Metasediment V 1630s Ex, Cr

11 Es - Erect stone;W - in wall; Rs - Rock surface; Bw - Built into wall; B - Boulder (fixed in ground) 
2/V - Viking; M - Medieval
3/ First written description and depiction; first depiction within paranthesis if later than first 

description.
4/Abbreviations: Ex - Exfoliation; Cr - Crack(s); Lm - Loss of material; Mu - Mutilated; Mw - 

Mineral wheathering; Dc - Discoloration; La - Lacuna

One of the carvings on walls is directly applied to the church wall, while 
three are on stones which have been set in church walls. The stone in 
Skånela Church has now been removed from the church wall and taken 
indoors. This glacially ground red sandstone was incorporated in the west
ern socle of the church, half a metre above ground level. A drawing of it 
was first made, at the instigation of J. Peringsköld, in the late 17th century. 
The lower third of the stone surface has exfoliated and now presents a 
coarse, sanding surface, while the upper part is still intact. Probably the 
main cause of the damage is water being sucked up into the socle on a level 
with the lower part of the runestone. When the water evaporates, the salts 
are left behind and precipitate just below the surface, causing the surface 
layer to burst.
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A runestone fragment is incorporated in the south wall of Strängnäs 
Cathedral. This material again is red sandstone. The surface presents very 
severe exfoliation and lacunae. (Fig. 6, 7) In addition, a lightning conduc
tor has been secured to the stone with metal pins. This will be the next 
stone to be removed from a wall. A runestone of gneiss is set in the east 
wall of Rimbo Church. This runestone looks virtually intact at first glance, 
but closer inspection reveals several minor exfoliations and on carefully 
tapping the stone, one can easily hear that more than a third of the carved 
surface is hollow and in danger of exfoliation. This runestone was de
scribed by our first runologist, Johannes Bureus, at the end of the 16th 
century. Drawings made show that the cracks in the surface of the stone 
were already visible then and that the top of the runestone had already 
started to exfoliate.

Fig. 6. Runestone Sö 278 ofpro- 
terozoic limestone in the south 
wall of Strängnäs Cathedral. The 
lightning conductor is secured to 
the stone with a metal pin. Pho
to B.A. Lundberg 1993.
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Fig. 7. Detail of lower part of Sö 278, showing exfoliation in several layers. Photo 
B.A. Lundberg 1993.

On a grey limestone ashlar in the nave portal of Lye Church, there is a 
thin runic inscription from medieval times. This inscription, first described 
by P.A. Save in 1863, reads: “God and Holy Church have mercy upon us.” 
This fossiliferous limestone is weathering selectively (mineral weathering), 
with the result that certain soft sections are becoming pitted. Consequently 
the thin carvings are in danger of eventually disappearing, even though 
they are partly protected from direct rainfall by an overhanging roof.

The four carvings on rocks and large boulders (Table 5) are also exten
sively damaged. The flat limestone surface on alvar soil on the island of 
Fårö has already lost its glacial striation, and the five runic characters are 
in danger of exfoliating. This carving, moreover, is under water at certain 
times of the year. The other carvings on boulders and rocks of gneiss and 
granite present extensive damage, mostly in the form of exfoliation and 
cracking. The Riksby carving in Bromma, moreover, has repeatedly been 
sprayed with paint by graffiti vandals.

The remaining 14 runic inscriptions in the runestone group are standing 
stones. These are of various stone materials and all present different types 
of damage. A sandstone at Gåsinge Church in Södermanland presents se
vere exfoliation (Figs. 8, 9). The damage is continuing to spread and flakes 
of the carved surface have fallen off in between photographic visits during 
the 20th century. Another runestone of sandstone is in northernmost Upp
land, in Älvkarleby. Visiting this stone on 7th July 1726, the antiquarian
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Fig. 8. Runestone Sö 
014, of proterozoic 
limestone, by the 
churchyard wall at 
Gåsinge, Söderman
land. The top of the 
stone was knocked 
off, but the stone has 
now been put togeth
er again. Photo B.A. 
Lundberg 1993.

Fig. 9. Detail, bottom left, of runestone Sö 014, Gåsinge Church, showing exfolia
tion emanating from the runic band. Photo B.A. Lundberg 1993.
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O. Celsius described its condition as follows: “A large, beautiful stone and 
smooth, but recently cracked right over the inscription at the bottom... 
Large, beautiful runes. Stands in the trackless forest, was recently raised by 
H. Lyele’s people, and a block of wood put round at the back. When that 
rots, down falls the stone in pieces, which is very thin and big, is already 
broken right across the runes at the bottom.“ In 1947 the Central Board of 
National Antiquities mended the runestone, which by then was broken in 
three pieces and, moreover, had begun to exfoliate. The repairs in 1947 
were done with iron ties and cement, as was customary at that time. Since 
the 18th century, then, the Fleräng runestone has been through a variety of 
mending procedures. First it was propped up with a large block of wood. 
When the wood had rotted and was no longer capable of supporting the 
stone, a stone support was built up behind it. The iron ties fitted to the 
stone in the 1940s are rusting and should be removed. The cement mends, 
which have been touched up over the years, need to be replaced, so that 
they will not allow water to seep into the stone. The runestone consists of 
half a dozen discs joined together and in danger of falling apart. Probably 
the stone will have to be taken indoors fairly soon if it is not to disintegrate 
completely.

The runestone of Lerkaka on the island of Öland (Table 5) has been 
known since the beginning of the 17th century. This is a grey, fossiliferous 
Ordovician limestone. It has been broken off in the middle and joined to
gether again. In addition, about a quarter of the carved surface, bottom 
left, is missing. Parts of it, however, still remained at the end of the 19th 
century (Ölands Runinskrifter), see Fig. 10. The stone was broken in two 
by a farmer in the 17th century who used it for steps. He was forced, how
ever, on pain of death, to restore it to its original position (Ölands Runin
skrifter).

The best-known runestone in Sweden stands near Rök Church in 
Östergötland. This granite stone belongs to a slightly older Viking type 
from the 9th century. Earlier the stone was incorporated in the wall of an 
outbuilding in the churchyard and then in the church itself, but in 1862 it 
was removed and erected outside the church. It now stands outside the 
churchyard, protected by a large roof to which walls were added in winter. 
Apart from a certain amount of mechanical damage, the stone is fairly 
intact. There is limited exfoliation on the lower part of the back of it.

The runestone outside Jättendal Church in Hälsingland has lost a third of 
its carved surface through exfoliation. This stone is a fine-grained metamor
phosed sedimentary rock with millimetre-large grains of potassium feldspar 
and greenish-black mica. The stone is exfoliating heavily, as can be seen 
clearly at the sides. It was mended in 1991, when open cracks were filled. It 
is fragile, however, and its status must be kept under close observation.

Granite stones (granite, gneiss granite, gneiss) are usually most resistant
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Damage occurring before 1634

Damage occurring 1634 - 1796

Damage occurring 1796 - 1884

Damage occurring 1884- 1904

Fig. 10. Development of damage to Öl 037 at Lerkaka, Öland, from the beginning 
of the 17th century to the present. Photo B.A. Lundberg. Graphic processing A. 
Sunnebäck.
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to weathering. Often they present minor damage in the form of mineral 
weathering and exfoliation. Several stones, however, have been smashed 
by later generations for use as building stone, especially in churches. Sand
stone and limestone are a good deal more sensitive. In addition to flaking 
and mineral weathering, cracking and exfoliation along stratification and 
foliation faces are very common. These latter forms of damage threaten to 
fragment the stones completely, especially the Proterozoic sandstones.

Maintenance and remedial measures
Runestones and runic inscriptions have received continuous care and su
pervision since the 1960s. The rune register now being completed will form 
the basis of this continuing activity and will be updated annually with ref
erence to cleaning, mending, painting and signage. At present there is a 
rolling timetable whereby all complete runestones and runic inscriptions 
outdoors are to be treated within a 25-year period. This means about 50 
stones being annually overhauled by specialists. In addition, a sponsoring 
system has been built up whereby local heritage associations or interested 
individuals keep an annual watch on the stones, clear undergrowth etc. 
and wash away dirt and accretions from the surface of the stone, using 
water and a soft brush. The runestone sponsor is also required to get in 
touch with the central authority in the event of the stone being extensively 
damaged or interfered with.

The rolling maintenance and cleaning timetable is operated by special
ists, usually stone conservators. As a matter of routine, stones need to be 
cleared of biological accretions of algae, lichens, moss etc. This is done 
with the utmost caution, after the surface has been checked and possibly 
stabilised or safety-repaired. Depending on the nature and extent of the 
accretion, the moistened surface of the stone is brushed clean, using any
thing from a nailbrush to a soft, stainless steel brush. This treatment in
flicts a certain amount of scratching and damage on the stone surface, and 
so we are trying to develop gentler methods. These include steam washing, 
and with bentonite clay poultice or suchlike to soften up the biological 
accretion.

Crack spreading and crack formation are very common in runestones. 
Normally the cracks are filled with mending mortar consisting of stone 
repair mortar in an acrylate dispersion. If large pieces are to be secured, 
these are spot-glued and mended as described above. The difficulty lies in 
finding mortar and additives which will adhere well to the stone surfaces, 
are pliable and absorb water and dry out in the same way as the stone 
itself. Pigmentation to make the mend harmonise with the surrounding 
stone has often been less satisfactory or has changed with ageing. Not in
frequently, stones which have cracked have to be fastened together with
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stainless steel pins. Every year, one or more runestones are discovered, of
ten when churchyard walls are demolished or extended or as a result of 
ploughing in ancient settlements. These stones are often fragmented and 
need to be pinned together.

Efforts are in progress to simplify and improve the cleaning of stone 
from biological accretions. The methods which are being tested are steam 
washing and covering with soil or slaked lime. All these methods have their 
advantages and drawbacks. The most important thing, though, is that the 
method used in every case should be effective and gentle. One important 
consideration is means and methods of restraining or preventing biological 
re-colonisation after cleaning. Conventional agents such as Arrow and 
Raffex, which among other things contain quaternary ammonium com
pounds, have proved to have little effect. Heavy metals like copper and 
lead, on the other hand, effectively prevent biological colonisation. The 
main problem is to find a suitable way of impregnating the surface of the 
stone with metal compounds, and care must be taken to avoid such a heavy 
concentration as to cause unsightly precipitations.

By tradition, runic characters and inscriptions are coloured in when a 
stone has been cleaned. The paint used nowadays is an alkyde paint based 
on Falun red pigment. The colouring is done by a runologist. Colouring in 
the runes, however, has certain side-effects. It is a disadvantage, if one 
wishes to record the geometry of the chisel and grinding marks, as is the 
case, for example, when seeking to distinguish the techniques of different 
rune carvers (Frei) 1986; Kitzler 1995; Swantesson 1995) or if exact casts 
are to be taken (Benner Larsen 1995).

Continuing activity
The statistical processing of data in the rune damage register will be able to 
show whether any causal connections have been overlooked, e.g. between 
the external environment and different types of damage to stone. Improved 
knowledge of the causes of damage will give us a better chance of devising 
preventive measures for restraining the development of damage.

Lessons concerning the course of damage can be learned by keeping a 
close watch on what happens to the stone material in the small group of 
runic inscriptions which are being studied in particular detail. That knowl
edge can make it possible to understand how and why stones are damaged 
and to take more adequate countermeasures than at present.
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The national inventory 
Natural Stone in Buildings
Barbro Sundnér

Natural stone has been quarried and worked for building purposes in Swe
den ever since the first stone churches were built at the end of the 11th 
century. Dressed natural stone has always been reserved for the upper stra
ta of society and, on the whole, has been used only for churches, castles 
and, in towns, public buildings and stately homes. The stone has been 
carved into richly decorative detailing such as portals and coats of arms, 
but it has also been carved for use as ashlars with various kinds of surface 
finish. Although natural stone was such a widespread sculptural and build
ing material for medieval churches, it has not always been used with the 
same intensity. Similarly, working techniques have changed over the centu
ries, as have preferences concerning types of rock. Chronological differenc
es reflect changes in technical possibilities, economic circumstances and 
ideological views. The quarrying and working of building stone declined 
considerably in the 1940s, craft skills disappeared more and more at the 
same time. Much of the stone remaining in our buildings is not only of 
great artistic quality but is also a historical material which has yet to be 
used to any considerable extent. Today that source material is threatened 
by the growing damage visible in stone - damage whose causes are not 
always obvious.

Natural Stone in Buildings is a project which has been started in order 
to compile an inventory which will confer an overview of the way in which 
dressed natural stone was used in Swedish buildings between 1000 and 
1940. It is also the purpose of the project to arrive at an estimate of the 
need for remedial action and of the buildings and areas which are most in 
danger. The inventory has been based on the assumption that all buildings 
of dressed natural stone are of historic interest and that the stone exposed 
on the exterior is most vulnerable. Another presupposition is that different 
types of rock differ in their proneness to weathering and that both the age 
of stone detailing and local environmental conditions can have a bearing 
on the damage situation. The inventory has therefore been designed in such 
a way that these various factors can be tested in computer processing. To
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make the inventory feasible within a reasonable length of time and at rea
sonable expense, it has been conducted as an initial survey from which 
material can be taken for studies and analyses in greater depth.

Sweden has a wide variety of sandstone and limestone which have been 
used for building. But we have not known the rock types in buildings, 
other than those employed in recent periods, and so an inventory of quar
ries has also been undertaken (final report in MS).

This work has been jointly undertaken by RIK (the Conservation Insti
tute of National Antiquities), the county museums and the heritage depart
ments of the county administrations. The results are being presented in ten 
regional reports, see literature list. The background to the project has been 
described in Teknik & Historia (Sundnér et al. 1993), with special empha
sis on building with stone, dressing of stone and stone conservation from 
historical and technical viewpoints. The geological background has been 
presented, together with a description of types of rock and damage, in 
Svensk Byggnadssten & Skadebilder (Löfvendahl et al. 1994). A summary 
of results for the entire country now exists in manuscript form, providing 
the parent material for this summary (final report, MS).

Buildings and building stone
Altogether 4,756 buildings with dressed natural stone externally exposed 
are included in the inventory; Table 6. They include all churches, castles 
and manor houses, together with secular buildings of historic interest in 
the countryside and all buildings in towns and cities dating from between 
1000 and 1940. Most of the buildings are located in the southern half of 
Sweden, especially in a belt extending from the Mälaren region to Göte
borg, in Skåne and on the islands of Gotland and Öland; Fig. 11. The 
largest number of buildings is in the City of Stockholm, which has 32% 
(1,515) of all the buildings in Sweden, while the smallest number occurs in 
the County of Norrbotten, which has only seven. The great majority of the 
buildings, 77%, are located in the towns and cities, and most of these are 
secular buildings; Fig. 12. The countryside has most of the churches (640) 
and castles (248). Gotland has most churches of all (108), while most of 
the castles and manor houses are in the Counties of Stockholm, Söderman
land and Malmöhus.

The inventory includes both plainly carved as well as sculpted stone 
detailing, and so this has been divided into two groups: type A, for unpro
filed objects, and type B, for profiled objects. All stone detailing which, in 
one and the same building, is of the same age, of the same type of rock and 
worked in the same sort of way, i. e. type A or type B, has been recorded as 
a single object. As a result, objects vary a good deal in size. Altogether 
14,550 objects have been recorded.
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County Urban environment

KPS
Total
urban

Rural
K

environment
P S

Total
rural

Total

A 24 1482 9 1515 1515

AB 17 104 1 1 132 39 29 55 123 255

AC 2 16 18 1 1 19

BD 7 7 7

C 3 73 1 77 25 8 15 48 125

D 6 61 2 69 26 4 36 66 135

E 14 270 3 287 55 11 13 79 366

F 5 75 80 33 2 6 41 121

G 2 12 14 6 2 2 10 24

H 6 78 2 86 62 14 3 79 165

1 12 26 38 96 25 121 159

K 4 43 1 48 6 1 3 10 58

L 2 27 29 46 4 18 68 97

M 6 264 270 51 5 34 90 360

N 3 43 1 47 6 2 4 12 59

O 15 306 2 323 18 4 2 24 347

P 4 97 101 31 7 7 45 146

R 7 141 148 71 17 26 1 14 262

S 4 49 53 1 5 6 59

T 8 122 1 131 40 17 8 65 196

U 3 39 1 43 8 3 12 23 66

W 3 25 28 4 4 8 36

X 7 73 1 81 13 10 4 27 108

Y 1 34 35 1 1 36

Z 1 32 33 1 1 2 35

Total 159 3499 35 3693 640 175 248 1063 4756

Table 6. The total number of buildings investigated and their distribution by three 
groups in urban and rural environments. K=churches, P=secular buildings, S=castles 
and manors, County A represents the city of Stockholm. (The county letters are 
explained in Fig. 11).
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* Church
0 Castles and manors
* Secular buildings 
O Urban area

Counties

A=City of Stockholm
AB=Stockholm
AC=Västerbotten
BD=Norrbotten
C=Uppsala
D=Södermanland
E=Östergötland
F=Jönköping
G=Kronoberg
H=Kalmar
l=Gotland
K=Blekinge
L=Kristianstad
M=Malmöhus
N=Halland
0=Göteborg/Bohus
P=Älvsborg
R=Skaraborg
S=Värmland
T=Örebro
U=Västmanland
W=Kopparberg
X=Gävleborg
Y=Västernorrland
Z=Jämtland

Fig. 11. Geographie distribution 
of buildings investigated.



Castles 
and manors

Secular
buildings

Churches

Fig. 12. All stone buildings, 
urban and rural distribution.

Urban

The types of rock have been mainly divided into crystalline basement, 
sandstone, limestone (marble included) and other stone. This latter desig
nation includes schist and soapstone. Geological determination has been 
based on identifying different types of rock and, if possible, linking them 
with quarrying sites. Altogether 22 different types of limestone have been 
identified, including six types of marble, and 18 types of sandstone; Table 
7. Many types of rock have been used only locally, while others are more 
widely distributed. Table 7 shows the number of counties in which each 
type of rock has been found. Gotland sandstone and Yxhult limestone 
from Närke occur in all counties but one (Stockholm counts here as one 
county). These are also the commonest types of sandstone and limestone 
occurring. Öland limestone has been used in 18 counties, while Gotland 
limestone occur in 17 counties. Ignaberga limestone from Skåne, Kol
mården marble, Vättern sandstone, Ekeberg marble from Närke, Mälaren/ 
Roslag/Gävle sandstone, Öved sandstone from Skåne, Kinnekulle lime
stone from Västergötland and Brunflo limestone from Jämtland are also 
relatively widespread. Some types of sandstone have been imported from 
England, Scotland and Germany, as well as travertine from Italy.

Damage assessment has been based on a very general scale: 0 = no ob
servable damage, 1 = limited damage with only small surfaces or parts of 
the object affected, 2 = extensive damage, with large parts of the object 
affected. In addition, the term “akut” (active damage) is applied in cases 
where the damage is felt to be actively progressive. The damage inventory 
is of such a kind that it should only be used as an indication of the objects
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Rock Rock type Total
Number
of
counties

Limestone Yxhuit 2167 24
Gotland limestone 1004 17
Öland 659 18
Kinnekulle 618 1 1
Unclassified 485
Östergötland 282 4
Ignaberga 216 15
Billingen 159 8
Borghamn 154 5
Västergötland 150 4
Marble, Mölnbo 129 8
Marble, Kolmården 93 13
Kornstad 83 4
Brunflo 78 10
Marble, Ekeberg 73 12
Marble, other 64 17
Marble, Vattholma 34 5
Other 22 6
Dan 13 1
Marble, Södermanland 10 1
Chalk 3 1
Travertine 2 2
Tufa 1 1

Sandstone Gotland sandstone 1216 24
Mäl/Rosl/Gävle 776 1 1
Öved 243 1 1
Vättern 21 1 13
Lingulid,Västergötland 197 4
Unclassified 92
Höör 88 4
Orsa 88 6
Germany 71 2
Lingulid, Närke 56 8
NV skånsk 27 2
Kalmarsund 14 1
Köpinge 12 2
England 1 1 2
Scotland 1 1 2
Hardeberga 8 1
Älvdalen 8 5
Other 3 2
Lingulid, Östergötland 2 1

Other Unclassified 91
Schist 31 9
Soapstone 22 6

Crystalline basement Precambrian bedrock 4773 24

Total 14550

Table 7. Rocks, rock types, number of objects and number of counties.
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which may be most endangered. Careful supplementary examinations by a 
conservator are needed in order to arrive at a fair assessment. One not 
insignificant source of error is the human factor. The inventory of the City 
of Stockholm differs somewhat from the rest of the inventory. It was under
taken by the Stockholm City Museum on behalf of the City of Stockholm 
(Nilsson and Schönbeck 1993). Certain areas have since been added at the 
instance of RIK. The damage termed “akut” in the Stockholm inventory 
has been assessed more in terms of the need for conservation and not, as 
elsewhere in the country, solely with reference to current weathering. That 
material has therefore been excluded from the comparison of damage. A 
fair amount of damage has been dealt with since the inventory was com
piled, and this again has not been taken into account here; see Table 9.

Stone detailing with no observable damage occurs in 33% of all the 
objects investigated; Fig. 13. Commonest of all is limited damage 48% 
(4,267), while extensive damage constitutes 19% (1,699). Some of these 
cases present active damage. Altogether this applies to 30% (2,636) of all 
objects. Some of these, 12% (1,021), are extensive while others 18% 
(1,615), are limited. It is reasonable to suppose that the more sculpted 
stone detailing, which often projects from the faęades, has a larger propor
tion of damage, as indeed is confirmed by Fig. 14. Commonest is unpro
filed stone detailing, 22% of which presents active damage as against 38% 
of the more elaborate detailing.
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30%

20% --

10% --

0%

2900
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4267

30%

80%
Other
damage 70%

Active
damage

60%
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Fig. 13. Percentage distribution of active and oth
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objects. Estimated by types A and B. (The 
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Certain types of rock are more prone to weathering than others, as is 
clearly shown by Fig. 15. The worst-damaged types of rock are Gotland 
sandstone, Öved sandstone, Yxhult limestone, Billingen limestone, Korn
stad limestone, Västergötland limestone, Brunflo limestone, Kinnekulle 
limestone, Borghamn limestone and Lingulid sandstone from Närke. The 
crystalline basement material, usually granite, has fared best. But Vättern 
sandstone, Kolmården marble, Ekeberg marble and schist also present less 
than 15% of actively damaged objects.

SandstoneLimestone

Fig. 15. Percentage occurrence of active damage to various rock types (N>20). (The city of Stock
holm excluded.)

49



Chronological aspect
In the inventory, both the buildings and the stone objects have been dated as 
far as possible. Otherwise their ages have been estimated as coming within 
one of the seven periods selected, based on the main turning points in the 
history of stone architecture in Sweden. In several buildings, natural stone 
detailing has been added in the course of alterations and restoration. Conse
quently, the age of the stone detailing does not always match that of the 
building. A percentage comparison of the respective age breakdowns of 
buildings and objects, however, reveals fairly close agreement; Fig. 16. In the 
earliest periods, relatively few buildings incorporate dressed natural stone. 
The spate of church building during the early medieval period is followed by 
a steep decline in the later Middle Ages, which in turn is followed by a slow 
increase until 1860-1910, the period when stone detailing is commonest.

The oldest stone detailing belongs mainly to the early medieval, Roman
esque churches, which, with few exceptions, are located in the countryside. 
Stone was turned into neatly carved ashlar for the faęades and into sculpted 
portal surrounds. From the later Middle Ages onwards, natural stone was to 
a great extent superseded by brick for decorative detailing, except on the 
island of Gotland, where the stonemason’s art rose to a unique pitch of ex
cellence until about 1350. Gotland has the heaviest concentration of build
ings with natural stone detailing for the period 1000-1550.

During the 16th century, stonemasons were recruited from abroad for 
special building projects on behalf of the monarchy (Axel-Nilsson 1950, p. 
94). The same thing happened in the provinces of Gotland and Skåne, which 
at that time were Danish. The foundation of the Masons’ Guild in Stock
holm, in 1639, was prompted by the lack of an organisation for growing 
numbers of craftsmen. Many German stonemasons came to Sweden to es
cape the depredations of the Thirty Years’ War in their own country. The 
majority of Swedish stonemasons were attached to the quarries. They were 
in charge of quarrying and, consequently, were socially inferior to the Ger
mans. In the 17th century, Sweden developed into a major European power 
with Stockholm as its centre. Natural stone was used for large palatial resi
dences and administrative buildings, while in the countryside increasing 
numbers of castles and manor houses were built, richly decorated with natu
ral stone for portals and armorial shields. The high aristocracy also built 
themselves elaborately decorated funeral chapels in many churches. The 
main concentration of natural stone building was in Stockholm and in the 
surrounding countryside of the Mälaren region.

During the second half of the 18th century, the royal court was the hub of 
cultural life. A variety of cultural institutions were founded and public build
ing was regulated in 1759. True to the stylistic ideals of the time, buildings 
were often rendered and the ornamentation of their stone detailing was kept 
within moderate bounds. The same period brought a resurgence of church
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Fig. 16. Chronological distribution of buildings and objects. Percentages.
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building. Sometimes these churches were given plain stone decorations. On 
the other hand they nearly always have inscribed tablets showing when they 
were built. Church building apart, public building enterprise came to focus 
on city and town halls, schools, hospitals and theatres, though many of these 
buildings did not have any decorative stonework. The nobility continued 
their castle building by constructing new castles and altering the old ones. 
Stone building on a larger scale was developed in the 1770s by the fortifica
tion engineers, centring on Karlskrona in Blekinge.

The great changes wrought by industrialisation also had an impact on the 
utilisation of natural stone. The coming of the railways in the 1850s and 
1860s simplified transport problems. Genuine building material— natural 
stone, that is—was preferred. Co-operation was developed between geolo
gists, engineers and architects. New quarries were opened and old ones ex
tended. Regional connections between stone and architecture were advocat
ed, for example, by the architect Gustaf Wickman, who used the Öved sand
stone of Skåne for Skånebanken and Ekeberg marble from Närke for Örebro 
Enskilda Bank, both located in Stockholm. Regional building stone also had 
its advocates among geologists, in particular Hjalmar Lundbohm, who was 
inspired by the British building tradition (Ringbom 1987, p. 57). From the 
turn of the century onwards, granite (crystalline basement) increasingly su
perseded sandstone and limestone. Industrial development permitted the 
mass production of this hard rock, which was also believed to be more resist
ant to growing air pollution (Ringbom 1987, p. 52).

The chronological changes are also visible in the use of different types of 
rock; see Table 8. In the earliest periods, use was made above all of local 
stones. Gotland sandstone was the first type to be more widely used, espe
cially in the 17th century. From the end of the 19th century, Yxhult lime
stone became the geographically most widely distributed type. Some types 
of rock went out of use already in the early medieval period, while in other 
cases quarrying was resumed after a break of several decades. Several new 
types of rock came to be used for building from the 19th century onwards.
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ROCK TYPE
1000-
1300

1300-
1550

1550-
1650

1650-
1750

1750-
1860

1860-
mO

1910-
1940 Total

Number
ofcounties

Tufa 1 i i
Köpinge 12 12 2
Chalk 2 1 3 1
Dan 2 10 1 13 1
Kalmarsund 9 2 1 2 14 1
Marble, Södermanland 4 1 2 3 10 1
Lingulid, Östergötland 1 1 2 2

* NV skånsk 15 2 9 1 27 2
Soapstone 5 4 1 2 1 9 22 6
Marble,Vattholma 2 3 2 1 1 25 34 4

** Kinnekulle 5 4 25 47 59 374 104 618 10
* Kornstad 34 1 4 2 14 19 9 83 3
* Västergötland 13 2 3 5 14 67 46 150 4
* Borghamn 13 1 2 7 29 93 9 154 5

** Yxhult 14 8 10 16 67 1614 438 2167 24
Öland 33 4 45 102 180 215 80 659 18
Östergötland 46 30 14 20 35 81 56 282 4
Gotland limestone 494 175 7 10 19 246 53 1004 17
Höö 45 3 7 1 13 18 1 88 4

** Gotland sandstone 58 19 167 323 166 374 109 1216 24
Lingulid, Närke 9 1 2 4 16 17 7 56 8
Lingulid,Västergötland 88 8 3 8 35 53 2 197 4
Mäl/Rosl/Gävle 25 7 53 187 178 277 49 776 11
Crystalline basement 52 9 36 43 141 2042 2450 4773 24
Marble, other 5 1 2 10 28 18 64 17
Vättern 25 8 17 19 120 22 211 13

** Öved 4 1 1 13 202 22 243 II
Ignaberga 8 1 10 22 175 216 15

** Brunflo 2 3 22 51 78 10
Hardeberga 2 2 4 8 1
Other, limestone 1 4 17 22 6
Marble, Kolmården 1 7 24 17 44 93 13
Other, sandstone 1 2 3 2
Germany 1 6 56 8 71 2
Ors 1 83 4 88 1
Älvdalen 2 6 8 5
Marble, Ekeberg 1 42 30 73 12
Schist 7 3 21 31 9

* Billingen 2 104 53 159 8
England 6 5 11 2
Scotland II II 2
Marble, Mölnbo 97 32 129 8
Travertine 2 2 2
Total 1028 292 398 814 1089 6362 3899 13882

Table 8. The chronology of building stone. Limestones are underlined, sandstones in ordinary 
lettering, other types in italics and chrystalline basement in bold lettering.
* = >40% objects with active damage at >20 objects (except the city of Stockholm).
**= >40% objects with active damage including >10 counties.
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Damage panorama
In urban communities, air pollution has been affecting the environment 
since the Industrial Revolution. The Höör sandstone of Lund Cathedral 
was already black in 1809, when certain sections began to be scraped clean 
until it was realised that the exercise was pointless because the stone imme
diately turned black again (Brunius 1854, p. 408). The most severely dam
aged stone detailing, therefore, is likely to be found in urban environments. 
But the inventory does not reveal any such straightforward connection, 
even when the different types of rock are compared individually; Fig. 17. 
Certain types of stone, e.g. Lingulid sandstone from Närke, Borghamn 
limestone, Ignaberga limestone, Kolmården marble and German sand
stone, have actually fared better in towns and cities than in the country
side. Where others are concerned, e.g. Gotland sandstone, Öved sand
stone, Mälaren/Roslag/Gävle sandstone and Vättern sandstone, there is no

D Rural Urban

Limestone Sandstone

Fig. 17. Relation between active damage to different rock types in urban and rural 
areas (N>20), the city of Stockholm excluded.
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appreciable difference between town and country. The biggest differences 
are presented by Lingulid sandstone from Närke, with nearly 40% more 
actively damaged objects in the countryside than in the towns and cities, 
and by Lingulid sandstone from Västergötland and Gotland limestone, for 
which there are 30 or 40% more actively damaged objects in the towns 
and cities than in the countryside. Age differences, however, which should 
also be included in the assessment, are not shown in this comparison.

In order to arrive at a more balanced picture when comparing damage 
in town and country, one has to compare the same type of rock of the same 
age, Fig. 18. Since most types of rock are only represented in certain peri
ods in both environments, not all periods can be compared. Gotland sand
stone, Fig. 18 A, does not present any difference in the stone damage pano
rama for 1550-1650, while on the other hand during the two succeeding 
periods between 1650 and 1860 it is a good deal better preserved in the 
urban environment, after which it becomes a good deal worse in the urban 
environment in the youngest stones from 1860 to 1910. Yxhult limestone, 
on the other hand, has a consistently higher frequency of damage in the 
urban than in the rural environment; Fig. 18B. The same applies to Kin- 
nekulle limestone, though not in the earliest period (1650-1750), Fig. 18C. 
Öland limestone fares somewhat better in the towns and cities between 
1650 and 1750, but younger rocks are more severely damaged in urban 
than in rural environments; Fig. 18D.

Thus it is hard to draw any general conclusions concerning the frequen
cy of damage as between urban and rural environments. Possibly there is a 
tendency for the later natural stone detailing, i.e. from about 1900, to 
present a higher frequency of damage in towns and cities. It has to be made 
clear, however, that the statistical data are not fully comparable, since there 
are far more objects in the towns and cities from these later periods and, 
conversely, more of the older ones in the countryside. We also have to real
ise that damage frequency shows the damage situation at the time of the 
inventory. In other words, we are not told how extensively the stone has 
previously been overhauled or replaced.

The purpose of the inventory was simply to test a number of possible 
relations (type of stone-age-town/country), not to explain the reasons for 
the damage panorama. Even so, there are a number of sources of error 
which may have had some effect on the results presented:

D Several damage assessors.
D The extent of damage is related to objects varying a great deal in size. 
D The inventory refers to the current damage situation, not to measures 

taken previously.
□ Age is not always the same as the length of time for which the stone has 

been exposed.
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In addition, we know that a great deal of stone detailing was painted until 
the 19th century, when the existing paint was often removed. But we do 
not know to what extent stone was painted, nor do we know which pig
ments and binding agents were used in different periods or to what extent 
these have protected the stone or damaged it. The chronological aspect, 
quarrying, dressing, painting, the choice of “good” or “bad” stone in the 
quarries, weather conditions and air pollution are all important factors to 
be taken into consideration. It is therefore exceedingly important that these 
various factors should be carefully investigated in the course of future 
work, before any action is taken.

A) Gotland sandstone B) Yxhult limestone

d Urban d Rural d Urban d Rural

1550-1650 1650-1750 1750-1860 1860-1910 1750-1860 1860-1910 1910-1940

C) Kinnekulle limestone D) 0|and |imestone

□ Urban d Rural d Urban d Rural

1650-1750 1750-1860 1860-1910 1650-1750 1750-1860 1860-1910

Fig. 18. Damage frequency, urban and rural areas.
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Envoi
The inventory has yielded an overview of the buildings and building stones 
of Sweden and their distribution in time and space. The damage frequency 
shows above all that certain types of rock are more prone to weathering 
than others. It also shows that there are no straightforward relations which 
can explain the damage panorama in time and space. The inventory has 
also shown that natural stone in buildings can be viewed in the historical 
perspective, in which the organisation of stone-handling is used as a key to 
understanding other phenomena in society. It is therefore vitally important 
that this material, which is now accessible in a database, should be used by 
researchers in all fields. The material has been entered in Superbase but is 
also linked to Excel (Englund 1995).
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Fig. 19. The Diocesan and County Library at Skara is one of the historic buildings 
surveyed. It was built in 1855-57 in a style inspired by the Middle Ages to the 
design of Johan Fredrik Åbom. Photo Nils Olsson 1994
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Historie buildings of stone
An inventory of materials and damage
Nils Olsson

Over the period 1990-1994, the Central Board of National Antiquities 
(RAÄ) carried out an outline survey of historic stone buildings to make an 
inventory of the materials used and damage to the buildings. The project 
was carried out within the air pollution programme and it focused on the 
way faęade and roofing materials are affected by airborne pollutants. The 
survey comprised the approximately 350 privately owned historic build
ings in brick and stone.

The overriding objective of the project was to find what materials are 
used on the exteriors of these buildings—for instance stone, tile, brick, 
rendering and copper sheeting—and to produce a general description of 
their condition. It was also the aim of the survey to try and obtain an 
overall idea of environmental effects on the different materials and to note 
the need for acute remedial action of both conservation and a more general 
maintenance character. It was also intended that the collected material 
should serve as the basis for maintenance planning, and this is one of the 
reasons why the materials in different parts of the buildings, and the dam
age to these, were quantified. A study of the relationship between degrada
tion and the age of the materials is also made possible. As a spin-off effect 
of the project, comprehensive photographic material has been obtained.

Of the 350 or so historic stone buildings were 139 inspected. The 
number of inspected buildings is however much higher since wings and 
agricultural buildings, for example, are often included in the protection for 
these historic buildings.

Work in the field was performed in collaboration with the former Swed
ish National Institute for Building Research (SIB), now the Department of 
the Built Environment at the Royal Institute of Technology, which had pre
vious experience of comprehensive material and damage surveys. Together 
with the Swedish Corrosion Institute, SIB in 1986 carried out a survey of 
materials and corrosion damage of 455 randomly selected buildings in 
Greater Stockholm (Tolstoy et al, 1989). With that survey as the point of 
departure, a procedure was drawn up for the historic building survey. The
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investigation method was finally established by means of a pilot project in 
which a selection of historic buildings was inspected.

In the course of the work in the field, extensive photographic documen
tation was made of the building exteriors. These photographs are also 
available in digital form on Photo CD. All the pictures from the damage 
survey will be stored in a pictorial data base which is being constructed at 
RIK (Conservation Institute of National Antiquities).

Building materials
The results of the survey are reported in (Olsson 1996). The report is based 
on data processing of the material collected during work in the field. 
Processing mainly focused on the five regions where sufficient statistical 
material is available: the counties of Stockholm, Gotland, Malmöhus,

Total 5 counties
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Fig. 20. Material quantities by age class and material for the buildings inspected in 
Stockholm, Gotland, Malmöhus, Göteborg and Bohus, and Skaraborg Counties.
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Göteborg and Bohus, and Skaraborg. These contain 124 of the 139 histor
ic buildings which were inspected.

In all regions, most of the inspected buildings were constructed between 
1750 and 1859, with the exception of Stockholm County where buildings 
dating from 1650-1749 are most common. It should however be pointed 
out that only a third of the historic buildings in Stockholm County were 
inspected, and the results are therefore uncertain. The material quantities 
also predominantly relate to the period 1750-1859 (Fig. 20). If this ten
dency holds for the country as a whole, there may be reason to find to what 
extent buildings from different epochs and environments are represented 
among the historic buildings. For instance, are upper class environments 
from the 18th and 19th centuries overrepresented?

In Stockholm County and Göteborg and Bohus County, most buildings 
are situated in town environments, while in Gotland and Skaraborg Coun
ties most buildings are in the countryside. In Malmöhus County the build
ings are evenly divided between town and country environments.

The breakdown of all materials is set out in Fig. 21. Rendering is the 
dominant faęade material. Overall, however, clay products are the most 
common - brick in the faęades and tiles on the roofs. They are followed by 
stone, galvanised sheeting, copper and timber. There are noticeable region
al differences. In Malmöhus County, for instance, brick is the most com
mon faęade material, in contrast to the other counties where rendering is 
most usual. In Skaraborg County stone is one of the most common faęade 
and roofing materials, while in the urban regions of Stockholm and Göte
borg there are large quantities of galvanised sheeting. The roofing materi-

Total: 5 counties

Other 6,7% Stone 1 1,9%

Copper 6,8%

Ax \ / \ Clay Brick 13,7%

1 Ai/ \
Rendering 29,0% A A /% 7/ \ / Clay tile 19,5%

Wood 3,3% Galv, steel 9,1%

Fig. 21. Overall breakdown of materials in the buildings inspected in Stockholm, 
Gotland, Malmöhus, Göteborg and Bohus, and Skaraborg Counties.
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Fig. 22. Tomtbod fishing village, Gotland. House No 15, built at the end of the 
18th or the beginning of the 19th century, still has its split stone roofing. Photo 
Nils Olsson 1992.

als also vary between the counties. Tiles are on the whole the material 
which is most often used as roof covering, followed by galvanised sheeting, 
copper and stone which is mostly slate. In Stockholm and Göteborg how
ever galvanised sheets are the most common roofing material. In Skara
borg and Malmöhus Counties slate is an often used roofing material along
side tiles. In Malmöhus County asbestos cement is also to be found on the 
roofs. One special feature in Gotland are thatched roofs and split stone 
slab roofs of both sandstone and limestone (Fig. 22). On Gotland timber is 
also usual in the form of both boarded and shingle roofs.

The extent of damage of stone
Sandstone is the rock which has the most damage. A considerably smaller 
proportion of limestone exhibits such extensive damage that action must 
be taken. Only a very small quantity of marble is included in the survey, 
and the extent of damage is therefore uncertain. No need for repair has 
been noted for slate which is only used as roofing material. On granite also 
no serious damage has been found.

In buildings which house offices or commercial premises, there are often 
unsightly holes on the stone doorways. Sometimes the stone is more or less 
perforated by holes where signs and similar have been attached. There are 
also cases where a historic building sign has been mounted on the doorway. 
Signs should as far as possible be avoided on doorways.
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On stone stairs the joints are often faulty. In addition, stone stairs are 
generally subject to extensive plant growth. An easy way of keeping stone 
stairs in good repair is to brush off growth and to repair joints.

The extent of damage of other materials
Galvanized sheeting which is a common roofing material was everywhere 
found to need a lot of remedial treatment. Sheeting roofs with the least 
damage are to be found in Göteborg and Bohus County, where 16% are in 
need of repair. In Malmöhus county as much as 39% of sheeting roofs must 
be repaired. During data processing it was also found that in-situ painted 
sheeting should be repainted about every seven years, which is in quite good 
agreement with earlier results (Tolstoy et al 1989). In the case of the coil 
coated galvanised sheeting maintenance should be carried out after about 
eleven years, a result which if correct indicates that the surface finish has a 
surprisingly short life. This type of sheeting is generally considered to have 
an appreciably longer life, and the result must therefore be further investigat
ed. Damage can however often be noted on the surface of coil coated sheet
ing. This damage is caused by the machine which is used in applying the lock 
seams, and is mostly seen on the standing seams. This damage which is 
seldom made good satisfactorily may give rise to continued flaking of paint, 
with pitting as a consequence.

One example of coil coated sheeting with very extensive damage is 
Sveneby Manor in Skaraborg County. On the main building there is very 
extensive flaking of paint on the roof. The main two storey building, of 
stone, was constructed in 1752-56 to the design of the architect C. J. Cron- 
stedt (Fig. 23). In 1984 it was reroofed with plastisol coated galvanised 
sheets of 670x1000 mm size (Skaraborg... 1985). The extent of damage is 
remarkable; on the lower slope of the mansard roof there is extensive flak
ing, with large areas of sheet without any paint where pitting corrosion can 
also be seen (Fig. 24). The upper slope, however, shows no damage at all. 
Flakes of paint from the lower slope show however that its finish is not 
plastisol but probably silicon polyester. The probable explanation for the 
great difference in damage is that two different kinds of sheeting were used 
when reroofing was carried out, only the upper slope being covered with 
plastisol coated sheets. At the time of inspection only ten years had passed 
since the roof was laid, which must be regarded as very discouraging in view 
of the extensive damage.

There is also a high proportion of timber which needs remedial action. 
Timber should not really be included in this survey, though it has been where 
it is used on the faęade or as roof covering. One probable reason why timber 
needs a lot of remedial action is that maintenance—primarily repainting—is 
not carried out often enough. Lack of maintenance is most noticeable on the
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Fig. 23. Sveneby Manor, Skaraborg County. The main building was constructed in 
1752-56 to the design of architect C. J. Cronstedt. Photo Nils Olsson 1994.

Fig. 24. Sveneby Manor, Skaraborg County. Garden faęade of main building. Very 
extensive flaking of paint on the coil coated galvanised steel sheeting roof from 
1984. Photo Nils Olsson 1994.
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windows which in many cases need painting and putty replacement. This is 
particularly prevalent on southerly faęades.

For rendering the need for remedial action is between 2% and 12% of 
the surfaces, with buildings in the metropolitan regions Stockholm County 
and Göteborg and Bohus County showing the least damage. In five of the 
investigated regions a total of 66% of the rendered wall surfaces are paint
ed with an inorganic paint, mostly lime wash. 16% have organic paints 
which are almost exclusively plastic paints. But some buildings are also 
painted with linseed oil paint. In Göteborg, for instance, there has been a 
tradition to paint rendered buildings with oil paints, since lime wash was 
not considered sufficiently durable in the salty coastal climate. Finally, 
18% of the rendered surfaces are unpainted. These are either surfaces 
which were originally painted—mostly with lime wash—and where the 
paint has been completely worn away, or rendered surfaces which were 
never painted.

There is a marked difference in damage between the inorganic and or
ganic finishes. On the organic surfaces there is, in principle, no damage at 
all in the first years. After six to ten years minor damage is however noted 
on about three quarters of the surfaces. The plastic paints also often 
present a shabby and dirty impression when they age. The inorganic fin
ishes, on the other hand, have a higher incidence of minor damage in the 
initial stages. The damage status after this is however fairly constant, and 
even after sixteen to twenty years most of the surfaces are still undamaged.

Brick is throughout in good condition, with serious damage on only a 
small proportion of the stock. In Malmöhus County the repair need is 
however slightly higher, which is probably due to the fact that many of the 
brick buildings in Skåne are older than those in other parts of the country. 
Most of the damage on brick buildings is in the form of faulty joints.

Copper occurs almost exclusively as roofing material and is in very 
good condition. Only minor damage which needs no action has been not
ed. Copper in roofs, drainage systems, window flashings and other areas 
has however often caused green discoloration on other building materials.

Steel is used, among other things, as anchorage in faęades. On the 
whole, steel needs little remedial action. In Stockholm County, however, 
5% has been considered to be in need of repair. No serious damage has 
been found on cast iron which is used in some of the historic buildings in 
Göteborg and elsewhere. Both the Great Covered Market and the Palm 
House at the Horticultural Society have loadbearing frames of cast iron. In 
the Stock Exchange and Festivity Building in Göteborg cast iron is also 
used extensively as ornamentation. The reason why this new and untested 
material was used when the Stock Exchange building was constructed in 
1844-49 was that it was considered cheaper and stronger than marble 
which it was intended to resemble. Cast iron was even used as roof cover-
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ing on the building. Tiles of cast iron were somewhat more expensive than 
clay tiles but it was considered that their great durability would offset the 
price difference. Cast iron, however, was found to be a highly unsuitable 
roofing material. As early as in 1878 the cast iron tiles were removed since 
moisture, ice and hoar frost were deposited on the inside of the tiles, melt
ed and penetrated through the roof sheathing (ICjellin 1949).

Plant growth and soiling
Biological growth varies widely from region to region. In Stockholm County 
no growth at all has been noted. Plant growth is generally also low in Göte
borg and Bohus County. In Malmöhus County there is, however, a lot of 
biological growth, not least of green algae, which hardly occur at all in the 
other counties. In Gotland and Skaraborg Counties also plant growth is of 
common occurrence, and mostly consists of lichen. The most extensive plant 
growth on stone is noted in Gotland and Skaraborg Counties where only 
23% and 31% of the surfaces have no plant growth on them. In Gotland 
County plant growth is dominated by lichen but moss also occurs. Lichen is 
the most common growth in Skaraborg County also, but the proportion of 
moss is considerably lower than in Gotland. In Malmöhus County growth 
occurs on more than 30% of the stock of stone buildings. This is mostly 
algae and lichen, but there is also moss and a small proportion of other 
plants. These are mainly virginia creeper and ivy. In Göteborg and Bohus 
County there is no plant growth on 90% of the stock of stone buildings, on 
the remaining 10% there is lichen and algae. In Stockholm County plant 
growth occurs on only a minute proportion of the stock.

The material on which by far the most biological growth occurs is as
bestos cement, eternite, which is almost exclusively to be found as roof 
covering. Only a small proportion of eternite is without growth; on 90% 
there is algae and/or lichen. Moss also occurs on 6% of the surfaces. Tiled 
roofs also exhibit a lot of growth; on almost half of the stock, algae and/or 
lichen can be seen. There is also moss, but to a lesser extent than on eterni
te roofs. Only one material—copper—has no plant growth at all. No 
growth at all was noted on copper roofs.

Soiling is heavier in Stockholm County, while it is much more moderate 
e.g. in Skaraborg County. As far as materials are concerned, the heaviest 
soiling is on eternit, with the whole stock being badly soiled. Of the stones 
it is sandstone which is dirtiest; limestone and granite are considerably 
cleaner. On the whole, roof surfaces are dirtier than faęades. It should be 
pointed out in this context that it has sometimes been difficult to differen
tiate between soiling and growth. A tiled roof may for instance give the 
impression of being heavily soiled, but it may be difficult to decide whether 
the dark colour is due to dirt and/or biological growth.
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Damage in relation to environmental conditions and 
orientation
It is generally difficult to relate the damage noted in the survey to air pollu
tion. Nor has it been possible to demonstrate that buildings in towns have 
more damage than those in the countryside. On the contrary, the results 
show that the need for remedial action for most materials is greater in the 
countryside than in the towns. There may be many explanations for this. 
For instance, many of the buildings on Gotland are old farmhouses which 
are today used as holiday homes and museums. As a rule, these are occu
pied only in the summer and their surface finishes are fairly old. The fact 
that the finishes are old naturally also influences the degree of soiling and 
biological growth.

A study was also made of the relationship between growth, soiling and 
orientation. This was divided into five categories: north, east, south, west 
and roofs. It has however been difficult to discern any clear relationship 
between growth and orientation, even though some trends can be detected. 
For instance, in Skaraborg County the predominant proportion of growth 
occurs on roofs. This holds for both algae and lichen and moss. 70% of 
algae occurs on roof surfaces; as much as 80% of moss occurs on roofs. 
Simultaneous occurrence of algae and lichen is also common on roof sur
faces. In the case of lichen the distribution is a little different: 42% of 
lichen is to be found on roofs. The majority of lichen occurs on northern 
facades; 23% of these have lichen growth. Otherwise lichen is fairly evenly 
distributed between east, south and west. On the other hand, it has not 
been possible to fully prove the expected dominance of biological growth 
on northern faęades. Nor has it been possible to demonstrate that soiling 
is specially prevalent towards the north. But a large proportion of the 
growth on roofs is on the north side, which is not evident from the proc
essed data. In the event of a further survey it may therefore be best to 
indicate the orientation of the roof slopes.

Conclusions
A survey has been made of materials and damage to roofs and faęades in 
139 Swedish historic buildings of stone and brick. Assessment of damage 
was based on criteria for different materials. These criteria for different 
stone materials must be further developed.

An inspection report form has been used. The reporting groups were 
five counties. The material has been processed county by county and gives 
an indication of regional variations on the basis of a limited sample.

Both granite and slate are in very good condition and without serious
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damage. Sandstone has the most damage of the stone materials. For lime
stone there is some need for remedy. Some of the damage found on lime
stone and sandstone is caused by air pollution. Other causes could also be 
found.

Most of the damage was found to be due to lack of maintenance. This 
applies mainly in the case of materials which depend on maintenance at 
relatively close intervals. One of these are the galvanised sheeting roofs 
which must be repainted fairly often. When this is not done, the result is 
flaking of paint and rust penetration. Another material which needs fre
quent maintenance is timber.

Brick may be mentioned as an example of a material which needs little 
remedial action. Brick is everywhere in good condition, with serious dam
age on only a small proportion of the stock. The damage found is general
ly confined to weathering and substandard joints. Copper is another mate
rial which is in very good condition; in principle, the entire stock is undam
aged.

The archive research undertaken has revealed that documentation of 
restoration work and suchlike is often lacking. Insofar as reports exist, 
these are usually of quite a general nature. There are also deficiencies in the 
general documentation of historic buildings: only too often, there has been 
no proper documentation and investigation in connection with listing. An 
improvement in documentation is greatly to be desired for the future.
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Building stone and 
conservation measures
Misa Asp, Charlotta Bylund, Karna Jönsson,
Lars Kennerstedt, Paterik Stocklassa and Erik Österlund

Selection, organisation and finance
When the programme began, no systematic knowledge existed concerning 
the stock of faęade decorations. The Central Board of National Antiquities 
indicated the buildings to be conserved, and the selection was based on 
internal knowledge and alarm reports received. Conservation measures, 
therefore, concentrated to a great extent on our national monuments, such 
as the Baroque portals of the Mälaren Valley and medieval church portals, 
especially on the island of Gotland. Here the damage was rated so serious 
as to warrant a direct rescue action. This damage panorama has now been 
brought under control, and present-day selection is instead being based, as 
intended, on the “Natural Stone in Buildings” national inventory, see sep
arate chapter. Table 9 shows all building decorations conserved under the 
Air Pollution Programme between 1991 and 1995. The diagrams in Fig. 25 
show the breakdown of expenditure and number of objects between inter
nal and external auspices, while the map in Fig. 26 shows the distribution 
of the measures taken, both geographically and by differently aged objects 
(cf. Fig. 11).

The greatest fund of knowledge concerning our historic stone buildings 
exists at regional level. The aim of the programme has therefore been for 
inputs to be governed by the results of the inventory and by regional prior
ities. Between 1991 and 1994, the counties acquired a much more promi
nent role than before in the selection of buildings for remedial action. RIK 
(Conservation Institute of National Antiquities) sends inquiries to the 
counties concerning which buildings they require help with. After RIK has 
been informed by the counties of their preferences concerning measures to 
be taken, a selection of buildings is made and at the same time the objec
tives and level of remedial action are defined. Many conservation projects 
are prompted by current or recently concluded faęade restorations. This 
makes stone conservation a natural part of the restoration of the faęade, so 
that in future it will be included in the faęade maintenance plan. Then 
again, it is practical being able to use scaffolding which is already in place.
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Table 9. Architecturally bound stone restored 1991-1995 with funding front the Air Pollution 
Programme. Abbreviations: Ch. = church, s h = second half, 1st = limestone, sst = sandstone,
E(xt) = external assignment, I(nt) = in-house, indet. = indeterminate, unid. = unidentified, 
unk. = unknown

Year County Building etc. Extent Dating Stone Ext/Int

1991 Gotland Tofta Church South portal of nave c. 1270 Gotl 1st E

1991 Gotland Visby town wall Österport 13th c. Gotl 1st E/l

1991 Kalmar Dahmska huset Portal 1666 Öland 1st E

1991 Kalmar Gamla Apoteket Portal 1659 Öland Ist E

1991 Kalmar Odengatan 4 Portal 1908 Gotl sst E

1991 Kalmar Kavaljeren town gate 1697 Öland Ist E

1991 Kristianstad Östra Herrestad Church South door of nave 12th c. Kornstad Ist E

1991 Skaraborg St Helena Church, Skövde West door 1770s Kinnekulle Ist 1

1991 Stockholm Kindstugatan 4 Portal &
window surround 1674 Gotl sst, Roslag sst E

1991 Stockholm Köpmangatan 1 1 Portal 17th c., s h, 1730 Gotl sst E

1991 Stockholm Nygränd 2 Portal Ia651 Gotl sst E

1991 Stockholm Skeppsbron 18 Portal hermae 1910s Gotl sst E

1991 Stockholm Staffan Sasses gr 4 Portal 17th c.,s h Gotl sst E

1991 Stockholm Storkyrkobrinken 6 Portal 1654 Gotl sst, Roslag sst E

1991 Stockholm Tyresö Church W. & S. doors, 
memorial tablet 1639, 1646 Gotl sst E

1991 Södermanland Jäder Church Oxenstierna 
burial chapel etc. 1640s Gotl sst E

1991 Södermanland Vadsbro Church West door,
Ryning burial chapel 1656 Gotl sst E

1991 Västmanland Tidö Castle 5 portals, main courtyard 17th c. Gotl sst E

1991 Älvs borg S.Ving Church South door 12th c. Lingulid sst 1

1991 Älvsborg Siene Church Various faęade reliefs 12th c. 17th c. Local Ist, sst i

1991-92 Gotland Hablingbo Church South & chancel doors 14th c. Gotl Ist 1

1991-92 Gotland Ruined ch. of St Nikolai Left south door 13th-14th c. Gotl Ist 1

1991-92 Stockholm Skansen, Riksvapnet 1780s Gotl sst 1

1992 Gotland Apoteket 7, Strandg 30 Portal 17th-18th c. Gotl sst Ist E

1992 Gotland Grötlingbo Church 3 doorways, faęade reliefs 13th-14th c. Gotl sst, Ist E

1992 Gotland Ruined ch. of St Gertrud West door 15th c. Gotl Ist E

1992 Gotland Visby Cathedral South lych-gate 17th c. Gotl sst E

1992 Gotland Akebäck Church Chancel doorway with 
human figure 12th c. Gotl Ist 1

1992 Gotland Buttle Church Nave doorway, capital 13th c. Gotl Ist i

1992 Gotland Fattighuset, Burs Gate post 14th c. Gotl Ist 1

1992 Gotland Hejnum Church Nave doorway, capital 13th c. Gotl Ist 1

1992 Jönköping Kristine Church, 
Jönköping West doorway 1688 Borghamn Ist E

1992 Kalmar Per Knutssons Gård Portal 1766 Öl Ist, pale grey E

1992 Kalmar Rådhuset Portal c. 1690 Öl Ist, red E

1992 Kalmar Sahlsteenska Huset Street portal 1750 Öl Ist, yellow-grey E

1992 Kalmar Sahlsteenska Huset Courtyard portal mid-17th c. Öl Ist, red E

1992 Kristianstad Vä Church Tower capitals, 
chancel faęade 12th-13th c. NV-Skåne sst E

1992 Malmöhus Svenstorp Castle Main entrance portal c. 1600 Gotl sst E

1992 Malmöhus Övedskloster Castle Courtyard portal 1770s Övedsst E

1992 Malmöhus Gleerupska Huset Leonine relief, 
armorial shield 1530s Chalk-stone i
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Table 9 (cont.)

Year County Building etc. Extent Dating Stone Ext/lnt

1992 Malmöhus Sjöbergska Huset Two doorways 1894 Gotl sst,Yxhult.lst 1

1992 Stockholm Bollhusgränd 3 A Portal 1635 ? Gotl sst E

1992 Stockholm Munkbron 5 Cartouche 17th c. Gotl sst E

1992 Stockholm Petersenska Huset Portal, Lilla Nygatan 2 1640s Gotl sst, Roslag sst E

1992 Södermanland Floda Church Kagg burial chapel, urns 1660s Gotl sst E

1992 Södermanland St Nicolai, Nyköping Chancel doorway 1668 Gotl sst E

1992 Södermanland Ytterselö Church Memorial tablet & tomb 1650s & 1720s ÖI 1st, Gotl sst, unid. 1st E

1992 Södermanland Tumbo Church Faęade reliefs 12th c. Sörml. 1st (marble) 1

1992 Örebro Nikolaikyrkan, Örebro N & S doorways I3th-I4thc. 1890s Närke 1st E

1992 Östergötland Skärkind Church Romanesque heads 13th c. Österg. Ist E

1992 Östergötland Veta Church Romanesque reliefs 12th c Lst (fr Borghamn?) E

1993 G.borg & Bohus Cathedral Well, Göteborg 1786 Ling, Kinnk Ist E

1993 G.borg & Bohus Ostindiska Kompaniet Faęade decorations 1890s Gotl Ist E

1993 Gotland Alva Church Nave &
chancel doorways 13th c. Gotl sst & 1st E

1993 Gotland Fardhem Church Chancel doorway 12th c. s h Gotl 1st E

1993 Gotland Drotten ruins,Visby Chancel doorway, ribs, 
corner pillars 13th c. Gotl 1st 1

1993 Gotland Hörsne Church Nave doorway, capitals 14th c. Gotl 1st 1

1993 Gotland St Karin,Visby Two doorways, chancel 14th-15th c. Gotl 1st 1

1993 Jönköping Brahekyrkan.Visingsö West doorway 17th c. Borghamn 1st E

1993 Kristianstad Hel.Tref. Ch., Kristianstad West doorway 1626 Gotl sst E

1993 Malmöhus Hedeskoga Church South nave doorway 12th c. Gotl 1st, Köp, Komst E

1993 Malmöhus Jörgen Kocks Gård Tracery 1524 Chalk-stone E/l

1993 Malmöhus Rosenvingehuset Reliefs & faęade stone 1534 Chalk-stone 1

1993 Södermanland Fiholm Castle, S. wing Portals 1640s Gotl sst E

1993 Södermanland Fiholm Castle, N. wing Portals 1640s Gotl sst 1

1993 Södermanland St Nikolai, Nyköping South nave doorway 1644 Gotl sst 1

1993 Uppsala Tensta Church South doorway 17th c. Gotl sst E

1993 Västmanland Ängsö Church Piper burial chapel etc. 1730s Gotl sst, unkn. 1st, pink E

1993-94 Malmöhus Maria Church, 
Helsingborg

South doorway, 
capital bands 13th c., s h Chalk-stone 1

1993-94 Örebro Old Örebro Cematoriumi Chimnets, stair rail, 
portal, etc. 1921 Yxhult 1st 1

1994 G.borg & Bohus Statue of
Gustavus Adolphus Base 1854 Carrara marble 1

1994 Gotland Boge Church S. nave doorway & 
chancel doorway c. 1250s Gotl Ist E

1994 Gotland Follingbo Church S. & chancel doorways c. 1250-1300 Gotl Ist E

1994 Gotland När Church W, S. &
chancel doorways

c. 1250-1300 Gotl Ist E

1994 Gotland Dalhem Church Nicolai gravestone 12th c. Gotl sst E/l

1994 Gotland Väskinde Church Nave, chancel and
N. doorways 14th c. Gotl 1st 1

1994 Kalmar Kalmar Cathedral West doorway 1660-1700 Öland 1st E

1994 Kopparberg Rättvik Church South doorway 1670s Ortoc fr Siljan E

1994 Kristianstad Östra Herrestad Church Stone work, various 12th c„ 19th c. Kornstad 1st E

1994 Malmöhus Grand Hotel, Lund Faęades 1896-1899 Öved sst, marble E

1994 Malmöhus Rosendal Castle Two portal lions 17th c. Gotl sst E

1994 Malmöhus Sjörups Old Church South doorway 12th-13th c. Köpinge sst, Kornstad 1st E

1994 Malmöhus Trolleholm Castle Hårleman portal, 
mem. tablet

1750s/1538 Gotl sst & 1st E

1994 Malmöhus Övedskloster Castle Courtyard, balustrade c. 1780s Öved sst E
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Table 9 (cont.)

Year County Building etc. Extent Dating Stone Ext/Int

1994 Stockholm Jakob Church, Stockholm South doorway 1644 Gotl sst E

1994 Stockholm Köpmangatan 2 Portal c. 1670s Gotl sst E

1994 Stockholm Petersenska Huset Double doorway 1640s Gotl sst E

1994 Stockholm Svartmangatan 6 Portal 1650s Gotl sst E

1994 Södermanland Fiholm Castle, 
both wings

Frontespieces, dormers 1640s Gotl sst E

1994 Södermanland Heby Gård Portal &
window surround

1779 Gotl sst E

1994 Södermanland Jäder Church North gable 
truss of vestry

1650s Gotl sst E

1994 Västmanland Tidö Castle Frontespieces c. 1630-1650 Gotl sst E

1994-95 Stockholm Stockholm Cathedral 
(Storkyrkan)

Two frieze sculptures 
("Virtues")

c. 1675 Gotl sst 1

1994-95 Östergötland Löfstad Castle Faęade reliefs 1670s Gotl sst 1

1995 Gotland Hamra Church N., S., towers & 
chancel doorways

c. 1250-1300 Gotl 1st E

1995 Gotland Hogrän Church N., S. & chancel 
doorways, reliefs etc.

13th c. Gotl 1st E

1995 Gotland Stenkumla Church W, S. &
chancel doorways

c. 1250 Gotl 1st E

1995 Gotland Hejde Church S. & chancel doorways c. 1350 Gotl 1st i

1995 Gotland Tingstade Church Lych gate 13th c. Gotl 1st 1

1995 Gotland Ruined ch. of St Lars Doorways 13th c. Gotl 1st 1

1995 Gotland Vamlingbo Church Faęade frieze i 2th c. Gotl sst i

1995 Jönköping Vetlanda Church West doorway 1904 Yxhult 1st E/l

1995 Kalmar Torslunda Church Doorways, 
emergency repairs

18th c. Öland 1st 1

1995 Kalmar Halltorp Gästgiveri Doorway, 
emergency repairs

19th c.? Öland Ist 1

1995 Kalmar Persnäs Church Doorways, 
emergency repairs

1857 Öland Ist i

1995 Kalmar Böda Church N. nave doorway, 
emergency repairs

12th c. Öland Ist i

1995 Malmöhus Old Bjersjöholm Castle Faęade sculpture, 
armorial shield

1576? Gotl Ist & sst E

1995 Malmöhus Öved Church West doorway 1759 Kornstad Ist, Öved sst E

1995 Skaraborg Värnhem Monastery 
Church

Memorial tablets c. 1700 Västergötland Ist 1

1995 Skaraborg St Sigfrids Källa Commemorative stone 1882 Kinnekulle Ist 1

1995 Stockholm Hornsgatan 4 Portal/window lintels 1640s Gotl sst E

1995 Stockholm Stavsunds Gård Portal 1670s Gotl sst E

1995 Stockholm Nationalmuseum Faęade sculptures c. 1840s Marble (other) 1

1995 Stockholm Norrsunda Church Gable truss c. 1633 Gotl sst 1

1995 Södermanland Eriksberg Castle Portal facing garden 1660 Gotl sst E

1995 Södermanland Maisåker Castle Portals etc. c. 1680 Gotl sst i

1995 Uppsala Venngarn Castle N. & S. portals c. 1600, c. 1660s Indet. Ist, gotl sst E

1995 Örebro Askersunds Landsförs. 
Church

W doorway,
Soop burial chapel etc.

1637 & 1670s Borgh.,Yxhult, Kinnek. 
Ist, Gotl sst E

1995 Örebro Edsberg Church South doorway 12th c. Yxhult Ist, sst (unknown) E

1995 Örebro Knista Church South doorway 12th c. Yxhult Ist E

1995 Örebro Sköllersta Church W. nave & 
chancel doorways

c. 1250-1300 Yxhult Ist E

1995 Örebro Kv. Skolgården, Örebro Socle storey, cleaning 1906 Yxhult Ist 1

1995 Östergötland Bjärka-Säby (old castle) Portal & armorial shield 1630s Gotl Ist, unknown Ist E

1995 Östergötland Linköping Cathedral Sundial c. 1688 Östergötl. Ist 1
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Fig. 25. Architecturally bound stone restored 1991-1995 with funding from the Air 
Pollution Programme. By remediation year, expenditure, numbers and organisa
tional basis.

Most of the measures under the programme have been heavily subsi
dised, but importance has been attached to the property owner bearing no 
small part of the cost. Financial participation is viewed as a cachet of the 
property owner’s intention and ability to take care of his faęade decoration 
in future. Privately owned objects have qualified for up to 90% of cost 
coverage out of the programme funding, while municipally owned objects 
have been subsidised at a rate of 50%. State-owned objects have not been 
subsidised at all. Co-financing has also occurred, especially for larger 
projects, with funding both from the Air Pollution Programme and from 
the county administration heritage support funds (support for housing de
velopment of historic interest). In other cases, the Air Pollution Programme 
has borne the full cost of pilot investigations and programme writing, 
whereas the direct remedial measures have been funded from other sourc
es. This way of initiating and controlling remedial actions has proved to be 
an outstandingly cost-efficient steering instrument.

Remedial measures have been organised in two ways. Some of them,
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Fig. 26. Architecturally bound stone conserved 1991-1995 with funding from the 
Air Pollution Programme. Geographic distribution and ages of objects.
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above all those which are interesting from a developmental viewpoint, but 
others as well, e.g. very minor measures or measures in cases where the 
circumstances have been too uncertain for procurement, have been taken 
by RIK directly. Most remedial measures, however, have been put out to 
contract, with various degrees of landlord participation. A purchasing rou
tine has been evolved, based on established practice in the construction 
industry. The AB 92 regulations are applied, together with an AF (General 
Regulations) section referring specifically to stone conservation. The prices 
of conservation measures are rated a good deal lower today than in 1991, 
very much due to our tendering procedure, but also to the general down
ward pressure on prices in the construction industry.

The inventory has caused attention to focus on a number of “new” 
categories, above all the large number of stone buildings erected at about 
the last turn of the century. Because these buildings do not come under the 
Heritage Conservation Act, a great deal of maintenance work has been 
done on them without access to antiquarian or conservation expertise. 
Very recently, a large number of faęade restorations have been inaugurated 
for job creation reasons, often at regrettably short notice. For these major 
projects, RIK is often approached concerning more general aspects of 
stone, i.e. not only conservation but also, for example, drainage, faęade 
washing, re-carving of stone or anti-graffiti measures. Faęade restorations 
always raise a number of questions concerning the original surface treat
ment of the stone, what it looked like and whether it is to be reinstated. 
Together with a small number of stonemasons, RIK is also building up a 
knowledge of traditional stone carving, partly so as to be able to choose 
between conservation and stone replacement. Thus grants are made on a 
minor scale towards the replacement of stone.

The conservation process - General description
On the whole, the conservation process still works in the way described in 
RIK 6 (Gullman 1992). One general change is that today we often take 
limited measures to cover acute needs. Previously, complete conservation 
always used to be carried out if an object was considered in need of reme
dial action. Today our inputs can be limited to partial consolidation and 
securing of finely carved sculptural detailing which is in danger of being 
lost, as for example in the case of the bird’s head in Fig. 27. These measures 
are recorded in the customary way and the objects are regularly inspected 
afterwards. The shift of emphasis occurring in recent years with regard to 
the selection of objects and the growth of measures in the fields of evalua
tion/re-conservation of objects, as well as developments in the remedial 
field, have also led to certain changes in the process. It is those changes 
which will be described here.
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Fig. 27. Example of emergency conservation. Gotland limestone capital in Hejnum 
Church, Gotland, representing a bird. The bird’s head was in danger of falling off. 
It was secured and the cracks sealed with stone-repair mortar. Photo Cecilia Strömer.

Initial inspection
A minuted inspection is carried out when work begins. This involves the 
conservator in charge, the local antiquarian, the owner or parochial 
church council representative, any other contractors and a conservator and 
antiquarian from RIK. When work is done in-house, a stone conservator in 
private practice is appointed supervisor.

Documentation
Documentation in the course of conservation work has been improved 
and made more comprehensive and exact. Use is now made of the guide
lines in the damage panorama atlas devised by RIK (Löfvendahl et al. 
1994). Conservators and antiquarians regularly record the dressing and 
surface treatment of the stone, residues of paint and their stratigraphy, 
chisel marks and structural solutions. This will eventually improve our 
knowledge of different carving methods and of whether the stone was
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painted at different times. Most of the photographic documentation 
takes the form of colour slides. Photostats or drawings from photographs 
are used for the description of damage. These simplify work because they 
are distinct and exact. All slides are entered in the image database via 
Photo-CD (CD-ROM), so that they can be digitally systematised, report
ed and filed at the ATA (Antiquarian-Topographic Archive).

Cleaning
The greatest developments in recent years have concerned the cleaning 
process. Several methods have been tested and are now being evaluated; 
see separate section below. When chemicals have been used for cleaning, 
it is now routine for at least one poultice to be carried out afterwards, 
using cellulose compress and water. This serves to remove any chemical 
residues and dissolved contaminants lingering in the surface layer of the 
stone.

Removal of bad repairs/joins
Harmful or disruptive materials are removed. Unsightly, incorrect and 
harmful repairs and joins are replaced. This work has priority in cases 
where the materials have caused damage. Any more acute damage has pri
ority for remediation. Cement pointing and unsightly, incorrect repairs 
which have not cracked and are firmly in position can sometimes be left in 
situ if the underlay is dense and homogeneous, their removal being such a 
time-consuming business. Resources are preferably devoted to more press
ing damage. There is always the possibility of returning another time and 
finishing the job.

Consolidation
Sandstone is consolidated by saturating it with silicic acid ester, Steinfesti- 
ger OH. No attempts have been made to test other types or makes. If 
weathering is confined to small areas, partial consolidation can be carried 
out. Recurrent sanding and disintegration of stone material within a few 
years of consolidation has been observed in certain cases and is suspected 
to be due to salts. Methods for consolidating limestone and marble are still 
being developed at laboratory level. It has not yet been possible for any 
new agents to be tested full scale. The consolidations which have been 
carried out in situ with silicic acid ester and Paraloid B-72, are now being 
evaluated. Lime water has been used to some extent for consolidating dis
solved chalk and disintegrated lime mortar with residues of paint. This has
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had the intended stabilising effects. Methods for consolidating granite are 
being investigated under the development project “Conservation Model 
for Rock Carvings and Runestones”.

Repair, reconstruction and pointing
The level of repair and reconstruction is always discussed in terms of the 
specific objects. The aim is to preserve as much as possible of the original 
and its authenticity by adding only a minimum of new material. Strictly 
speaking, this means protective and technical repairs only. Reconstruc
tions, in most cases, are kept to a minimum. For pointing nowadays, non- 
hydraulic lime mortar is used for less exposed sections and hydraulic lime 
mortar mainly in socle sections.

Surface treatment—water repellant treatment and painting
RIK takes a restrictive line on the waterproofing of stone, e.g. using prod
ucts like Steinfestiger H. That method is much disputed by specialists, both 
in Sweden and abroad. A number of factors point against it. It is irreversi
ble and, moreover, impedes continuing and future treatments for conserva
tion and maintenance, both cleaning and desalination and the use of vari
ous pointing and repair mortars.

Often, where faęade restoration is concerned, the desire is to revert to 
an original or previous colouring, in which case it is historically desirable 
that the faęade stone should also be painted. This has triggered a much- 
needed debate and is at present the main talking point in stone conserva
tion. Both ethical, aesthetic and technical aspects are involved. Traditional 
surface treatments, e.g. painting with linseed oil paint or impregnation 
with linseed oil, have therefore come to be considered in recent years. In 
conservation work during the 1980s and 1990s, monochrome painting 
and linseed oil impregnation were normally removed, since linseed oil is 
thought to impede the conservation process and is feared to aggravate 
weathering because it very often provides a dense surface layer. On the 
other hand, there are many instances of painted stone which has survived 
well for hundreds of years, and for many other materials painting is con
sidered good protection against degradation. It has not yet been possible to 
take a stand concerning the pro’s and con’s of oil paint. On the other hand, 
a number of objects have been treated with linseed oil and linseed oil paint 
in recent years, including for example the frieze of Löfstad Castle in 
Östergötland, described in separate section below, and also the Tessin Pal
ace, shown in Fig. 28.

78



Fig. 28. Conserved and linseed oil-painted portal of Gotland sandstone, Tessin Pal
ace, Stockholm. Photo Charlotta Bylund 1995.

Final inspection, guarantee inspection and follow-up
After work has been completed, a minuted final inspection is carried out by 
the same representatives as prior to conservation. Two years later a minut
ed guarantee inspection is carried out, and if the results are then approved, 
the conservator is relieved of responsibility. Guarantee inspection is an im
portant stage in the follow-up of conservation measures. Experience has
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shown that it is of the utmost importance to return later, after 5-10 years, 
in order to study how the work is ageing, e.g. how cleaned sections are 
being re-contaminated and whether the repairs are holding.

Report
Report compilation has been facilitated by information technology. Stand
ard patterns have been devised for the different parts of the report. With a 
colour copier we can now produce durable colour pictures and simplify the 
compilation of the photographic material. The reports are filed both cen
trally (ATA) and regionally (in county archives).

The conservation process—fields of development
Our methods development is aimed at evaluating and developing existing 
methods and of devising new ones which are as gentle as possible. In addi
tion, we encourage materials which are user-friendly and compatible with 
the original material. If the reversibility requirement cannot be met, the 
methods should at all events be repeatable and of such a kind as not to 
obstruct remedial action in future.

Non-destructive testing
One is seldom able or allowed to use testing methods which involve direct 
interference with the objects, and so the development of non-destructive 
methods is particularly essential. Since stone objects as a general rule can
not be called in for examination, the methods also have to be suitable for 
field use. Furthermore, they must be easy to use and not unduly expensive. 
For practical tests in conservation work, two supplementary methods have 
been selected.

When salt water in porous stones evaporates, various salts are eventual
ly precipitated. These inflict very serious damage on stone objects (Arnold 
& Zehnder 1989). The cellulose compress method is one way of collecting 
and analysing highly soluble salts in the stone surface (Löfvendahl & Asp 
1995). The compress consists of eight layers of cellulose tissue (15 x 23 cm) 
applied to a wet test surface. The compress is removed and the salts collect
ed leached out. The conductivity of the leachate is determined and, if nec
essary the specimens are further analysed by means of liquid chromatogra
phy or ICP-AES analysis. Similar methods have been presented and used 
abroad (Weber 1992). Above all, we have examined sculptural decorations 
in Gotland sandstone, which in the fresh state contain small amounts of 
salts. Heavy concentrations of salts, both sulphate, chloride and nitrate, 
have been indicated, especially in the urban environment but also in the
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countryside. Conventional poultice can only extract the salts located near 
the surface. In the few cases where we have examined the stone in depth, 
the salt also appears to be mainly present in the outermost centimetre. If 
the salt were to be homogeneously present in the whole ashlar, desalination 
with compresses would be practically useless. The only way of determining 
the depth distribution of salts with certainty is by taking core samples.

The manner in which the stone absorbs and desorbs water has a vital 
bearing on its degradation. Using Karsten’s gauging tube, one measures the 
speed at which liquid penetrates the surface of stone or rendering (Öster
lund 1993). This gauging tube consists of a cylindrical cup, the aperture of 
which can be attached to the surface; see Fig. 29. A hundred or so measure
ments have been taken on a number of different types of rock, but mainly 
on Gotland sandstone. The results indicate a wide spread, with great differ
ences for Gotland sandstone differently treated. On the portals of Fiholm 
Castle, lower sections with residues of oil paint showed much slower pen
etration than well-preserved sections high up with no trace of surface treat
ment. Laboratory experiments on consolidated fresh Gotland sandstone 
(Fig. 30) have shown that silicic acid ester (Wacker Steinfestiger Ft and 
OH) radically decelerates water penetration. This finding tallies well with 
the results of standard water absorption tests (Ryberg 8c Elfving 1992) on

Fig. 29. Water absorption measurement with a Karsten tube. Faęade relief, Vam- 
lingbo Church, Gotland. Photo Misa Asp 1994.
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Fig. 30. Results of laboratory measurements, using a Karsten tube, of water ab
sorption in Gotland sandstone treated with silicic acid ester.

similar material. Steinfestiger H, as expected, produces the strongest effect. 
Specimens treated with Steinfestiger OH are still, 15 months after treat
ment, a good deal less absorbent than the corresponding untreated speci
mens. This experiment also shows that repeated measurements on the 
same patch yield a gradual reduction of water penetration. All in all, the 
test findings so far indicate that Karsten measurements are above all sensi
tive to differences in the surface pores. For example, the Karsten tube can 
be used for detecting residues of old surface treatment—painting or consol
idation—on Gotland sandstone.

Cleaning
The methods of cleaning have to be effective and at the same time gentle. 
Biological activity is often present as a degrading factor. Removing lichens 
from irregular and often disintegrated stone surfaces is a very time-consum
ing measure, due to the firmness with which the lichens cling to the surface. 
What is more, lichens have a root system which has insinuated itself into 
cracks and cavities and cannot be tackled by conventional methods. For a 
number of years, small-scale attempts have been made in situ at killing li
chens with a poultice of lime putty on a number of gravestones and portals 
of Gotland limestone. These experiments have produced good results: the 
lichens have disappeared from treated surfaces within a few years. During 
the 1995 season the method was used on a larger scale in that larger lichen- 
covered sections were treated with lime putty or lime water; see Fig. 31. This 
treatment is intended to facilitate future conservation and to save cleaning 
time. The results will be evaluated within a year. The method is above all 
suitable for limestones which are not sensitive to high pH values. Other ob
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jects were treated in the 1980s with quaternary ammonium compound (Be- 
loran and Bradophen) to kill lichen and prevent re-colonisation. That meth
od has not produced the desired result; above all, re-colonisation has oc
curred more rapidly than expected. This may be because the concentration 
of the active substance was too low and because the treatment time was too 
short. Parallel to lime putty poultice, quaternary ammonium compound has 
been used on one and the same object so as to provide an opportunity for 
comparing the efficacy of the different methods.

Micro-blasting is a method which has not previously been used on any 
considerable scale. It is now available in-house and will provide an ad
junct, especially interesting for the cleaning of stone which, for various 
reasons, should not be exposed to water. Laser cleaning is another effective 
method which has proved to have good results when demonstrated on 
heavily begrimed external marble. The flip side of laser cleaning is its high 
cost. In addition, various cleaning methods have been tested on the ruined 
church of St Lars in Visby; see separate section below. The plan is for those

Fig. 31. Lime putty poultice of 
the lych gate at Tingstade 
Church, Gotland. Photo Misa 
Asp 1994.
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cleaning experiments to continue, partly with the evaluation of cleaning 
done previously, and partly by developing steam and vapour washing with 
machinery better adapted to the needs involved.

Mortar repairs
In the repair context, both hydraulic and non-hydraulic lime mortar have 
been experimentally used as a substitute for the stone-repair mortar com
monly used; see Fig. 32. The presence of acrylate dispersion and a small 
amount of cement in stone-repair mortar is in itself an argument for find
ing substitutes. Experiments hitherto have shown that pure lime mortar is 
less easily worked than stone-repair mortar and definitely more difficult to 
disguise as stone. Stone-repair mortar meets the reversibility requirement

Fig. 32. Limestone mortar 
mends at Fiholm Castle, Söder
manland. Photo Misa Asp 
1994.
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better than lime mortar, because the acrylate softens in acetone. Combina
tions of different mortars may be a solution. Repair mortar for granite is 
being developed under the “Conservation Model for Rock Carvings and 
Runestones” project. Continuing repair mortar experiments are planned. 
Mixtures of different kinds of ballast and lime are to be tested in search of 
a good adjunct for the stone-repair mortar.

Stable and flexible materials are needed when pinning loose parts and 
for reinforcement of extensive repairs. Stainless pins of more than 2 mm 
gauge are often too rigid, and so experiments are in progress using several 
thinner pins twined together into a heavier gauge; see Fig. 33. This way, the 
pin has both the flexibility and the strength needed. Alternative materials 
such as glass fibre and ceramics are to be tested in future, since “stainless” 
material is not stainless in perpetuity.

Fig. 33. Reinforcement with 
twined metal pins at Hejde 
Church, Gotland. Photo Misa 
Asp 1995.
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Painting
There is great uncertainty with regard to the painting of stone. An especial
ly restrictive line is taken on the surface treatment of stone containing sol
uble salts or exposed to water by capillary rise. Here we know that surface 
treatment, for example with linseed oil paint, can do more harm than 
good. On many objects, previous painting has long since been removed 
and the stone has been exposed for a considerable length of time. Are these 
objects suitable for painting? How are painted stone surfaces to be main
tained and conserved in the future? How do previous linseed oil treatments 
affect consolidation with silicic acid ester? Lime paint is not water-repel- 
lant but acts as a sacrificial layer. Can this be an alternative to linseed oil 
paint?

International exchange
In several fields of development, progress has been accelerated by interna
tional exchange. A representative of English Heritage has participated in 
the Advisory Group which has assembled prior to and during care and 
conservation work on the ruined church of St Lars in Visby.

Evaluation of previous conservation
Damage exists which is clearly due to measures taken previously. For ex
ample, cement repairs and joints have created serious problems, above all 
on softer types of stone. Incorrect, impervious surface treatments are an
other by no means uncommon cause of damage. For certain of the materi
als which have been used over the past 10 or 15 years for conservation and 
maintenance of natural stone, no long-term experience has been accumu
lated. In order to avoid future “disasters” as far as possible, evaluation is in 
progress of the methods now being used for the conservation of Gotland 
sandstone. The aim is to follow up methods and materials with regard to 
ageing, durability and interaction with the stone material. Collection of 
data concerning remedial measures, tests performed and a possible new or 
recurrent stone damage classification scheme is nearing completion. A 
large number of samples of saline content and water absorption capacity in 
Gotland sandstone have been collected. Specimens have been taken from 
newly quarried stone, externally situated stone before and after conserva
tion and stone conserved during the past five-year period. An initial study 
is being devoted mainly to consolidation with silicic acid ester. It is hard to 
tell which parameters can be investigated, owing to the frequent shortcom
ings of working documentation. For example, much presumably depends 
on how dry the stone was at the time of consolidation and on how much
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consolidation material was used per unit of area—factors seldom included 
in the documentation report. Results can also be affected by earlier, unre
corded measures.

The ethical question
One of the more burning issues in recent years has been that of the “ethi
cal” aspect. This is being discussed all over the world with reference to 
conservation, the main topic of discussion being how much to reconstruct 
and how to treat what is not reconstructed. The discussion on ethics also 
includes the question of whether one must insist on conservation materials 
resembling the original composition of the stone or whether one can accept 
substances not naturally occurring in the stone. In connection with major 
faęade restorations, the question often arises as to whether one should 
paint objects which have been painted previously. There are hazards here 
to stone from which the original paint has been removed—as often hap
pened at about the turn of the century—and which is liable to weather 
more rapidly if harmful substances are “trapped” beneath the paint. Re
carving is also a kind of reconstruction in which the material agrees, as 
well as the craftsmanship and the mending tradition.

To be able to choose, we have to be aware of the values represented by 
the specific object. Some practical instances:

D A medieval Gotland portal derives one value from its age. Here one can
not repair and reconstruct to such an extent as to eliminate the chrono
logical dimension, because that would make a peculiar impression. 
Comparisons with drawings and photographs in the archives often 
show that the damage has existed for a long time.

□ Stockholm’s oldest outdoor sculptures “The Virtues”, are to be moved 
indoors and replaced with cast (se cover picture) copies which are to be 
reconstructed and painted a marble colour. Traces of paint have been 
identified, and there are written references to the sculptures having been 
painted the colour of marble. The question as to how much can be re
constructed in a copy occupying such a prominent position has occupied 
much time and many minds.

The ethical aspect of these questions concerns respect for the craftsmen 
who once carved, built and painted the object, coupled with our duty of 
bequeathing to our successors an object in the best possible state of preser
vation.
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Conservation and linseed oil painting of a sandstone 
frieze at Löfstad Castle, Östergötland
Löfstad Castle in Östergötland began to be built in 1637 for its owner, 
Axel Gustavsson Lillie. After several rebuilds and enlargements, it was 
completed in the 1680s under Axel Lillie the Younger. The castle consists 
of a large main building (see Fig. 34) and two wings, enclosing a courtyard 
(Lagercrantz 1983). In 1994, all the faęades and roofs of Löfstad Castle 
were to be thoroughly restored. As part of the preparations for this, RIK 
was contacted to evaluate damage to the natural stone of the faęades.

Fig. 34. The corps de lo
gis of Löfstad Castle, 
Östergötland. The sand
stone frieze runs between 
the second and third sto
reys. Photo Paterik Stock- 
lassa 1995.
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Both the main building and the faęades of the wings are decorated with 
ornamented portals carved in Gotland sandstone. On three sides of the 
main building, there is a frieze between the second and third storeys. This 
too is carved in Gotland sandstone and is decorated with fruit composi
tions, animal motifs, festoons and scroll work. Large parts of the frieze and 
portals have been mended previously, and architectural and sculptural de
tails have been reconstructed in mortar. A grey linseed oil paint has been 
applied to all sandstone decorations on several previous occasions, most 
recently probably in 1957.

Beneath the paint, the frieze on the whole was in very good condition, 
with a firm, stable stone surface and many fine details preserved. In sever
al, though limited areas, however, the paint had come off, and in these 
areas the stone was badly weathered, which had resulted in serious sand
ing, cracking and loss of material. Some parts of the frieze had been recon
structed in a calcareous mortar with coarse-grained sand and small pieces 
of charcoal. The paint, generally, was cracked and loose on projecting sec
tions but in better condition in sheltered areas. The paint layers were also 
observed to be in much worse condition on repairs and reconstructions 
than on the surface of the stone itself. At many points the layers of paint 
were so numerous and thick that the fine detailing was no longer visible. 
Analyses before conservation work began confirmed that the grey paint 
was based on linseed oil. White lead, barium sulphate and zinc oxide pig
ments were discovered (SEM/EDX). No soluble salts were observed in the 
stone material, nor any other degradation products such as gypsum, which 
forms under the influence of atmospheric sulphur dioxide.

The final conservation measures had not been fully decided before work 
began, and above all it had not been decided whether the paintwork was to 
be preserved. During an initial phase, discussions were held with antiquar
ians and painting conservators concerned from the county museum, and 
with antiquarians, stone conservators and an expert on traditional house
painting from RIK. This led us to decide in favour of keeping conservation 
measures as few and limited as possible and of finishing off by once again 
painting the frieze in the same way as before. The arguments in favour of 
doing this were the good condition of the frieze, to which the oil paint had 
probably contributed, and the fact that soluble salts were neither present 
nor liable to be carried so high up on the faęade from ground level. Since 
the paintwork was allowed to remain, the action became more one of 
maintenance than of conservation.

All sanding and disintegrated surfaces were preconsolidated up to three 
times with silicic acid ester, using injection syringes; see Fig. 35. Loose pieces 
of stone were secured with polyester resin. All loose, cracked and thick paint 
was removed mechanically with scalpels. The surface was then washed clear 
of grime and loose pigments, so that the new paint would adhere properly.
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Technically justified repairs were done using a repair mortar based on sand
stone powder, lime, cement and polyethylacrylate dispersion. Very thin 
cracks were not filled in, because it was assumed that the linseed oil paint 
would cover them. A number of test areas were also repaired with linseed oil 
putty consisting of linseed oil and chalk. Joints were filled in with hydraulic 
lime mortar. Damage, previous mends and all measures taken were carefully 
recorded photographically, in drawings and verbally.

The painting was done by a local firm of painters which had been en
gaged previously for the painting of buildings of historic importance. The 
paint, which the firm mixed itself, contained Swedish linseed oil, white 
lead, green umber and gold ochre and was thinned with spirits of turpen
tine. Temperature and weather conditions were recorded at all brushings. 
It was feared that the layers of paint would be too thick and would again

Fig. 35. Sandstone frieze, Löf stad 
Castle, Östergötland. Detail of dis
integrated sections preconsolidat
ed with silicic acid ester. Photo 
Paterik Stocklassa 1995.
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conceal the finer details, and so it was decided that the painting was in the 
first instance to be done in only two thin layers. In addition, the underlay 
would then also be able to absorb some of the linseed oil. The paintwork 
on the east side of the building turned out to be very blotchy, as regards 
both sheen and nuance. This is probably due to an inconsistently absorbent 
underlay, to weather conditions and to too few coats being applied. It was 
also found that the paint was incapable of covering thin cracks the way we 
had assumed it would. Next year, therefore, further repairs were effected 
and the frieze on the east side was given one more coat of paint, which 
eliminated the blotchiness.

Conservation work on the frieze at Löfstad Castle is to be followed up 
carefully. It will be particularly interesting to see how, if at all, weathering 
progresses and how the paint ages on the earlier repairs, but also on the 
new mending and pointing mortars. Experience from this work will greatly 
benefit future conservation work on similar materials and damage.

Copying and transfer of chalk sculptures in 
St Marys Church, Helsingborg
Every now and again it becomes clear that valuable stone decorations can
not be rescued by conventional conservation measures and the figures will 
have to be protected in some other way. In the south portal of St Mary’s 
Church, Helsingborg, the chalk (soft fossiliferous limestone from the Cre- 
taceceous era) capitals were badly damaged and conservation in 1984 had 
not halted the weathering.

St Mary’s Church is a medieval brick church dated to the 14th century. 
The site was previously occupied by a stone church, traces of which are still 
visible in the foundations of the brick church. It has been suggested that the 
chalk sculptures originally came from that church. A porch was built in 
front of the south portal in the 15th century and is presumed to have pro
tected the sculptures until its removal towards the end of the 19th century.

Discussion concerning ways of protecting the sculptures began early 
and continued for a number of years. Many suggestions were made, one of 
them being to enclose the capitals in a box to be erected in winter, but this 
appeared none too feasible. Another suggestion was to protect the figures 
with a sheet metal hood, but this was considered both architecturally dis
ruptive and inadequate. A third option was to remove the chalk heads and 
store them indoors, and to fill the resultant cavities with brick, a suggestion 
which prompted the idea of actually detaching the sculptures and replacing 
them with either newly carved ones or castings. It was also suggested that 
an artist should be commissioned to produce completely new sculptures. 
The arguments against carving replicas of the old sculptures were that it

91



would be difficult to reproduce the original expression and that chalk 
weathers in any case, which would mean an expensive solution eventually 
giving rise to the same problems as before. Besides, it was hard to find 
sculptors who were prepared to do the work. The argument against carv
ing new figures altogether was that the pre-existing ones had strong histor
ical links with the church.

After contacting a conservator with great experience of advanced cast
ing operations, we decided to try to detach one of the capital pieces. This 
was a task requiring a great deal of expertise and it was therefore entrusted 
to a stonemason of acknowledged skill. The experiment succeeded and 
work was able to continue; see Fig. 36. To save the surfaces of the chalk 
figures from destruction in the casting process, they were preconsolidated 
and safety-repaired by a conservator at the Central Board of National An
tiquities, after which castings were taken on the spot and the figures re
moved. In connection with their removal, archaeological documentation 
was carried out by an antiquarian from the office of the County Antiquar
ian in Lund. It seemed as if the chalk heads, which had been dated to the 
14th century, had not originally been positioned in the portal but had been 
transferred to a section probably mended in the 19th century. This was 
apparent from the mortar, which was coarse and recurred in other parts of 
the church dating from that time. Quite clearly, the limestone figures had 
occupied a different position previously, as was evident from earlier resi
dues of mortar and paint on sites which had been concealed in their present

Fig. 36. St Mary’s Church, Helsingborg. Dismantling capital sculptures. Photo Anne 
Jacobsen 1994.
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position. It was impossible to tell how they had been installed previously.
The copies were made using concrete and installed in the wall. Both 

sculpturally and material-wise, they turned out to be of good expressive 
quality. The originals are waiting to be positioned inside the church. The 
good thing about the protracted discussion when the question first arose 
was that there was time enough for preparing the entire operation and 
finding the right craftsman. The many stages of the operation—removal, 
conservation, casting and replacement, as well as the positioning of the 
originals, meant that many different people were involved. Even so, the 
work proceeded without a hitch and everyone, not least the Parochial 
Church Council, agrees that the operation has been a success.

Cleaning and repair of limestone in the ruined 
church of St Lars, Visby
The ruined churches of Visby are owned and managed by the Central 
Board of National Antiquities, and this has made it possible for a develop
ment project to be conducted on the spot, on the ruined church of St Lars. 
This ruin presents the damage panorama commonly associated with such 
objects. The conservation problems of this building and the possibilities of 
dealing with them were formulated by a group consisting of an architect 
(representing the administrator), an antiquarian from RIK, and stonema
sons and stone conservators, both from RIK and the private sector. The 
result was two remedial programmes. One of these was for conventional 
conservation work taking in most of the damaged areas of the ruins. Con
ventional conservation work here means pinning with stainless rods, secur
ing with polyester resin, and sealing all cracks with a mortar applied with a 
spatula. This work was put out to tender. The other programme was a 
development programme in the fields of cleaning, sealing of cracks and 
securing of loose parts. When work had begun, the Advisory Group set up 
to discuss results, problems and possible solutions held its first meeting. 
That group consisted of the administrator’s representatives (architect and 
antiquarian), a representative of English Heritage, antiquarians from the 
county and RIK, a representative of Visby University College and stone 
conservators from RIK.

As part of the development programme, attempts were made at cleaning 
the west portal, which was heavily begrimed, partly with deposits of soot 
from earlier fires and partly due to various degrees of encrustation. The 
upper parts of the portal, those sheltered from the rain, were grimiest. The 
archivolt was divided into sectors for treatment using different methods. In 
this way we can assume that the methods have been tested on similar sur
faces, so that the results will be comparable. The aim is to be able to recom-
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mend cleaning methods which are efficient and at the same time gentle 
both on the stone material and on the person doing the work.

The most effective of the methods tested was soft wet-blasting by the 
JOS system; see Fig. 37. This method is also gentle to the stone. But the 
level of cleaning achieved with it can be criticised, from an antiquarian 
viewpoint, as somewhat too high. At all events, the time input is very small 
compared with conventional stone conservation cleaning methods. In ad
dition to blasting, several methods were tested using pure water as a clean
ing agent, for comparison with clay poultices with chemical admixtures. 
Some surfaces were treated with water mist or water vapour in a closed 
space, see Fig. 38, while others were treated with running water over a 
longer period. Another area was kept moist for a long time with the aid of 
a clay poultice containing water and non-ion-active surface tension reduc
ing agent. After moisture treatment, all surfaces were mechanically treated 
with a brush and additional rinsing water. There is some difference in the 
results obtained by these methods, but fair comparison will not be possible 
until machine capacity has been developed. One advantage is that the level 
of cleaning can be controlled more easily, but the time input is much great
er than with the soft blasting method. Evaluation of the methods should 
among other things include measuring the water absorption capacity of the 
surfaces and a comparative check of re-soiling. An additional soft blasting 
system will be tested in the coming season to check for possible differences 
between individual makes.
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Fig. 38. The ruined church of St Lars, Visby, Gotland. Water mist cleaning in a 
confined space. Photo Hans-Erik Hansson 1995.
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Cracks, loose parts and lacunae are usually treated with different types 
of resin. Conventional resins in stone conservation consist of materials 
which are in no way compatible with stone. Often they are very hard, 
dense and inflexible in the cured state. Their lifetime is difficult to calculate 
and since, as a rule, they are irreversible, they are unsuitable as conserva
tion materials other than in exceptional cases. What is more, adhesives 
contain solvents which are dangerous to the health of the user. Lime mor
tar is more compatible, more porous, more flexible, more stable and more 
easily removed than resin, added to which it is harmless to health. In the 
case of St Lars’ Church, this damage was treated by injecting a fine-grained 
hydraulic lime mortar to fill cavities, hold parts together and exclude wa
ter, insects and roots of vegetation. Large pieces were pinned with stainless 
rods. Three different mortar mixes were tested. The mortars are easy to 
apply and seem to work well both as filling and as adhesive when small 
pieces need to be secured. The mortar will presumably be used as an ad
junct to conventional resin, the latter being unavoidable in certain cases. 
Further work is planned using the lime-based injection mortars. The opti
mum grain size distribution of the ballast is to be determined. Durability, 
frost resistance, saline content and the level of the hydraulic effect are some 
of the parameters now to be tested.

Re-carving of Yxbult limestone in the west portal of 
Vetlanda Church
This portal, completed in 1903, is mainly carved in Ordovician limestone 
from Yxhult in Närke. The surface is claw-tooled. Damage in the form of 
cracks and lacunae leading to the exfoliation of a surface layer 1-5 mm 
thick was observed at the beginning of the 1980s. This damage occurs to 
an irregular extent all over the surface of the stone. It is a type of damage 
commonly occurring in Yxhult limestone, and is suspected to be connected 
with the surface tooling.

The portal was conserved in 1985, when damaged sections were stabi
lised and exfoliated surfaces were mended with stone-repair mortar. In 
1991 it was noticed that the damage was being reiterated in previously 
undamaged areas. In 1995 the portal was treated again by RIK. Damaged 
sections without sculptural decorations were recarved, see Fig. 39. Stone
masons were engaged to peel off the damaged surface layer and work the 
underlying surface with a tooth chisel so as to produce a surface resem
bling the original one. This method worked well in most instances, but 
problems occurred when cracks parallel to the surface layer were found to 
be moving inwards instead of towards the surface of the stone. Where this
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happened, the re-carving had to be curtailed with a sharp edge which was 
safety-repaired. The arguments in favour of this treatment were that the 
portal is not unique and the surfaces have no sculptural decorations. Re
peated mendings will eventually result in the surface of the portal consist
ing mainly of repair mortar, the lifetime of which is probably shorter than 
that of a recarved surface. The portal was felt to provide a good opportuni
ty of carrying out this treatment, which had been discussed previously but 
never tried. At the same time certain damage, above all to corners, was 
consolidated and safety-repaired, no other treatment being judged possi
ble. Time will tell how successful the different treatments are in the long 
term.

Fig. 39. Vetlanda Church, 
Småland. Surface recarved and 
safety-repaired. Photo Misa 
Asp 1995.
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Re-conservation of Gotland sandstone on the 
Petersen House, Stockholm
The richly decorated double portal in the north front of the Petersen House 
was carved in Gotland sandstone between 1645 and 1649. During the 
1988-89 winter season this portal was restored as one of the first objects 
to be funded through the air pollution programme. Winter conservation 
had not been tried previously and, despite enclosure and heating arrange
ments, good conditions could not be created. The conservation was not 
completed according to plan. No further attempt has since been made to 
prolong the season in this way. At the same time, four free-standing sculp
tures from the portal were conserved in a studio, under optimum condi
tions.

Inspections by RIK in the winter of 1993-94 showed the free-standing 
sculptures to be in very good condition, at the same time as sections of the 
portal presented further damage. The lower parts of the portal presented 
damage in the form of cracked, sanding sections and heavy salt efflores
cence. A large subsidence crack was discovered along one of the jambs. 
Other surfaces were sanding to a greater or lesser extent. Some repairs 
were in such condition that they needed to be replaced. During the five 
years which had passed, the portal had accumulated considerable quanti
ties of loosely attached grime on upward-facing surfaces, which is not sur
prising in view of the heavy traffic passing by. Two inscription tablets of 
limestone were blotchy. In addition, a flagpole had been put up in such a 
way that an unnecessarily large quantity of water was being channelled 
over the stone. A thorough overhaul of the portal was decided on. This 
work was organised in such a way that those who had carried out the 
conservation in 1988-89 were invited to tender for re-conservation in con
sultation with RIK, which carried out an in-depth analysis of damage. The 
remedial measures taken in 1994 comprised supplementary conservation 
work, which was not completed according to plan in 1988-89, mainte
nance work and development work.

The whole of the portal was dry-brushed, vacuum cleaned and washed 
with water. Some sections were found to be retaining residues of the clean
ing poultice used in 1988-89. Extraction was performed on these sections, 
using a mixture of bentonite clay and cellulose. The salts were analysed, 
compress samples were taken at various levels, and certain sections with 
high values were desalinated. The salt analyses form part of a wider salt 
project now being undertaken by RIK. It was judged necessary to consoli
date the entire portal to full saturation, and previously disintegrated sec
tions were judged to be in good condition after treatment. Repairs in poor 
condition were replaced and a certain amount of additional safety repairs
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Fig. 40. The Petersen House, Stockholm. Desalination and extraction of stains with 
a cellulose compress. Photo Misa Asp 1994.
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was undertaken. The limestone slabs were polished and waxed. A rubber 
bushing was fitted to the flagpole to lead off the water before it reached the 
flagpole seating in the stone.

There are some areas in which causal relationships have not been fully 
investigated. The subsidence crack has been assessed by a structural engi
neer who drew up a remedial scheme. This has not yet been put into effect, 
because the funding question remains to be solved. An inspection took 
place in the late summer of 1995, one year after work was completed. 
During the past year the crack has grown both longer and wider, and a 
large crack is also visible in the east front of the building, near the portal. A 
new structural inspection should be carried out in response to the change 
in the damage panorama.

In the lower parts of the portal, the problem of salt has not been solved, 
and salts are still visible and causing damage. Judging from what we know 
about the combination of consolidation and salt, it is not surprising that 
the socles should present disintegrated sections only one year after consol
idation. Desalination was performed by repeatedly applying cellulose com
presses with water so as to leach out soluble salts; see Fig. 40 (Löfvendahl 
& Asp 1995). Clearly, this method has not been sufficient; presumably it 
has only affected salts on or near the surface. RIK intends pursuing the salt 
problem further by taking core samples in order to establish which salts are 
present and how they are distributed in the socle stones. The question is 
whether the lower parts of the portal should not be insulated from sur
rounding stone so as to prevent further moisture transport and evapora
tion, with dissolved salts crystallising and damaging the surface layer.

Objects in an environment with such heavy traffic as this one require 
recurrent maintenance in the form of cleaning and the overhaul of point
ing, repairs and cracks. A five-yearly interval seems appropriate in this 
particular case.
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Stone damage and chemical 
analysis
Anders G. Nord and Kate Tronner

Damage to stone is caused by a combination of harmful factors such as 
anthropogenic influence, including air pollution, “wind and weather”, bi
ological attacks etc. Investigations of damage to building stone is facilitat
ed by the taking of relevant specimens for analysis. The Analysis Depart
ment at RIK (Conservation Institute of National Antiquities) has continu
ously co-operated in this way with stone conservators or antiquarians. 
Occasionally we have made a detailed study of a large object or have sys
tematically investigated long series of building stone with particular kinds 
of damage (cf. Nord & Tronner 1990, 1991, 1992; Nord 1990; Löfven- 
dahl et al. 1992). The results provide a useful adjunct to more conventional 
studies of stone weathering based on laboratory experiments or controlled 
field exposures. The following are important reasons for subjecting weath
ered stone to chemical analysis:

□ It is ascertained which contaminants are present in the surface layer and 
how deeply they have penetrated the stone. These investigations help to 
describe damage and to establish causes of damage, and they can occa
sionally explain the degradation mechanisms.

□ The analyses can reveal residues of an earlier conservation/consolidation 
or other surface treatments. Sometimes one can judge the efficacy of a 
previous consolidation.

C ] Analytical findings are needed to facilitate decisions concerning appro
priate restoration measures.

Since 1989 we have examined about 2,000 stone specimens. The results 
have been presented in 260 reports and ten scientific papers. About 40% of 
all stone specimens have been taken in the Stockholm region, roughly the 
same number come from elsewhere in Sweden, and the rest have been col
lected abroad. As regards types of stone, nearly half the specimens are 
Gotland or quartz-bound sandstone, which are common building materi
als in Sweden. Other large groups comprise limestone and plaster/mortar,
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whereas marble, granite, gneiss, porphyry, slate, brick, cement and con
crete specimens are few and far between. Precipitations of salt have fre
quently been observed on porous stone materials, and several hundred 
such specimens have been collected for chemical analysis.

The RIK Analysis Department has access to powerful analytical instru
ments such as a JEOL JSM-840 scanning electron microscope with a LINK 
unit for energy-dispersive X-ray microanalysis (SEM/EDS). There is also 
an X-ray fluorescence spectrometer (XRF), X-ray diffraction (XRD) 
equipment, liquid chromatography (HPLC), and plasma spectography 
(ICP). There are of course optical microscopes and a laboratory for con
ventional wet chemical analysis. In nearby institutions we have had the 
privilege of using other advanced analytical equipment, such as an electron 
microprobe (EMPA), Guinier-XRD, FTIR and ERS (Laser-Raman-Spec- 
trometer), DTA/DSC, GC-MS, ESCA (XPS), a Mössbauer spectroscope, a 
mass spectrometer for stable isotopes, and a mercury porosimeter. It has to 
be borne in mind that stone, compared with metal, is a non-homogeneous 
material with fissures, cavities and minerals of varying chemical composi
tion and structure. Advanced analytical instruments need to be used, de
pending on the topic of inquiry and the complexity of the subject. Some 
important results are summarised below.

Gotland sandstone. This is a calcareous sandstone consisting mainly of 
10-100 pm quartz grains (about 60 wt%) with lesser amounts of potassi
um feldspar, mica, clay minerals, pyrite, glauconite etc., cemented together 
by 3-8 wt% calcium carbonate (lime). This stone is very porous, with a 
pore volume of about 15 to 20%. It is easily worked and has been used 
ever since medieval times as a building stone or for sculptures. Unfortu
nately it is one of the most weathering-prone types of stone used in Swe
den. Its porosity causes capillary attraction of rainwater and frost weather
ing. Acidic rain containing sulphuric acid and a dry deposition of sulphur 
dioxide/sulphur trioxide convert the lime into gypsum, which causes inter
nal stress and pulverisation of the stone. (Some typical gypsum crystals are 
shown in Fig. 41.) Other minerals in the stone can also weather and be 
converted. Soot and other impurities easily accumulate at the surface.

We have examined about 500 specimens of Gotland sandstone. De
tailed studies have been made, for example, of Stockholm Palace and the 
Carolinian burial chapel in Riddarholmen Church (Nord 1994, 1995; 
Nord Sc Tronner 1995). All surface layers of Gotland sandstone examined 
in buildings contain sulphur, mostly bound in gypsum. The quantities of 
sulphur are generally greatest in big cities and polluted areas (cf. Nord, 
Svärdh & Tronner 1994). We have found that in a building the superficial 
sulphur content is most often greatest at ground level. Examples of com
mon damage:
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Fig. 41. Gypsum crystals formed on Gotland sandstone. Sample from Trefaldighets 
kyrkan (Trinity Church), Stockholm. (Scanning electron microscope photograph, 
1,000X approx, taken by A. Säfström.)

□ Gypsum encrustations commonly form in locations sheltered from rain. 
Soot, metal particles and other dirt accumulate on the surface and have 
been found to catalyse the conversion of lime to gypsum (Chang et al. 
1981; Grgic' et al. 1992, 1993; Elfving 1994).

One of the following types of damage often develops on stone exposed to 
rainfall:

□ A very thin layer of gypsum on visibly undamaged stone. Sulphur can be 
found up to 5 mm inside the stone, with a maximum concentration 0.3- 
0.5 mm from the surface.

□ Pulverisation and exfoliation of the surface of the stone, due to heavy 
gypsum formation combined with the effects of wind and weather (rain, 
frost, snow, wind, temperature fluctuations etc.). At Stockholm Palace, 
there are some points where the original surface of the stone has disap
peared to a depth of up to 50 mm. One example is shown in Fig. 42.

At Stockholm Palace we have made a detailed study of three micro areas, 
the damage to which, comparing left and right, is distinctly “symmetrical”.
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Fig. 42. Picture from the south front 
of Stockholm Palace. Sampling of 
Gotland sandstone presenting se
vere damage in the form of pulver
isation and exfoliation, caused by 
“wind and weather ” and air pollu
tion. Photo H. Sundlin.

One of these areas is shown in Fig. 43. It is interesting to see that the 
sections of stone investigated in a micro area also present a corresponding 
symmetry of chemical composition. In other words, there is a significant 
connection between damage and chemistry.

In the surface layer of the stone there are also elevated concentrations of 
nitrate and chloride. These also contribute towards the degradation of the 
stone. We have leached about 100 specimens of stone from Stockholm and 
analysed anions with the aid of ion chromatography (HPLC). Along major 
traffic arteries, elevated nitrate concentrations have sometimes been ob
servable in stone, just as marine proximity entails elevated chloride content 
(Nord 1990; Nord, Svärdh & Tronner 1994). Distinct precipitations of 
salts, though nearly always due to causes other than those mentioned 
above, sometimes occur in Gotland sandstone and other porous stones (see 
below). We have determined the isotopic composition of sulphur in gyp-
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Fig. 43. Micro area of the south front of Stockholm Palace. The numbers indicate 
surface layer specimens of Gotland sandstone. (Photo H. Sundlin.) Heavy gypsum 
concentrations, 30-40 wt%, in sheltered position (samples 70, 72, 74), low and 
similar concentrations of gypsum (<5 wt%) in symmetrically paired sections ex
posed to rainfall (61+80, 62+82, 68+86, 77+78, 79), otherwise intermediate con
centrations (Nord 1995).

sum (converted from calcite) in order to clarify the origin of the sulphur 
(cf. Nord & Billström 1982). Eleven samples from Stockholm Palace yield
ed 834S values of about 4-6 promille in relation to CDT standard, indicat
ing that the sulphur comes from atmospheric pollution (cf. Longinelli & 
Bartelloni 1978; Pye & Schiavon 1989; Rösch &C Schwartz 1993). For 
specimens from other buildings, the connections are not always as clear 
(Nord & Tronner 1995; Löfvendahl, Nord & Torssander 1996).

The RIK Stone Department has for several years been using silicic acid 
esters and synthetic polymers to consolidate disintegrating Gotland sand
stone. We have investigated the penetration depth of a number of different 
consolidants in fresh (unaffected) Gotland sandstone and various other 
natural stones. The penetration depth of Wacker Steinfestiger OH (tetrae- 
thoxysilane) dissolved in acetone is about 10 mm in Gotland sandstone. 
Mixed with the acrylate polymer Paraloid B-72, its penetration depth dras
tically declines to 2-3 mm.
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Limestone. In the centre of Stockholm there are about 1,700 building 
details of limestone for which damage has been inventoried (Nilsson & 
Schönbäck 1993). Limestone, like marble, consists mainly of calcium car
bonate, with lesser concentrations of quartz, feldspars, clay minerals, vari
ous other silicate minerals, etc. The commonest forms of damage are gyp
sum formation, loss of material (relief weathering), cracking, exfoliation 
and staining. In exceptional cases, millimetre-thick crusts of gypsum have 
formed on the surface. Chemical damage is caused, not only by air pollu
tion but also by “natural” processes, such as chemical weathering by the 
reaction CaC03(s)+H20(l)+C02(g)—>Ca2++2 HCO3" (e.g. Cooke and 
Gibbs 1994).

A study of about 200 limestone specimens from Stockholm has been 
performed by Nord &C Holényi (1996). The results show that a dense and 
uncracked limestone like Brunflo limestone (Jämtland) presents far less 
extensive and significant damage than, for example, limestone from Yx- 
hult (Närke), Kinnekulle (Västergötland) or Öland, which are more 
coarse-grained and contain more fissures. In all limestone specimens we 
have demonstrated accumulation of sulphur (mainly gypsum) in the sur
face layer. Profile analyses from uncracked specimens of stone show that 
both the surface concentration and penetration depth of sulphur are small
est in the dense Brunflo limestone and greatest in limestones from Yxhult 
and Öland, which have superficial sulphur concentration approaching 20 

wt% and penetration depths of 2-3 mm (see Fig. 44), i.e. there is a clear 
connection between the structure of the stone and observed deposition of 
sulphur.

We have investigated connections between traffic flow and extent of 
damage to limestone in the centre of Stockholm (Nord & Holényi 1996). A 
weak positive correlation exists between these factors, in that the severest 
damage is usually found on properties in the busiest streets. There is no 
connection between traffic flow and sulphur deposition, nor is this surpris
ing, since motor fuels in Sweden contain very small quantities of sulphur 
(e.g. Nord 1990). On the other hand there is a positive correlation between 
traffic flow and grime. An empirical calculation has been performed to 
assess the share of motor traffic in damage to limestone (Nord & Holényi 
1996) and indicates that nowadays 15 to 20%, at most, of total limestone 
erosion in the centre of Stockholm can be ascribed to the impact of vehicu
lar traffic.

Marble is less common in Sweden as a building stone but has begun to 
be studied in detail at the faęades of the Stockholm Dramatic Theatre (Eke
berg marble), the marble statues on Nationalmuseum (Carrara marble) 
and other marble detailing in central Stockholm. The marble faęades of the 
Dramatic Theatre have projecting brown “bark-like” mineral fragments of 
unaffected tremolite, Ca2Mg5Si8022(0H)2, showing that the faęade has
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weathered to a depth of 2-4 mm. The penetration depth of sulphur in 
Swedish marble is about 1 mm, approaching 3 mm in exceptional cases.

Quartzitic sandstone. The chemical composition of quartz-cemented 
sandstone makes it relatively resistant to air pollution, because the sand 
grains (mostly quartz) are not cemented by calcium carbonate. This type of 
stone has often been used for socles. The sandstone used in the Stockholm 
region usually comes from Roslagen or the Mälaren region and presents a 
wide variety of structure and colour (yellow, yellowish-red, a reddish col
our, beige, grey). Sandstones from Öved and Orsa are also common. De
spite the low calcium content, one finds in urban centres a distinct accumu
lation of sulphur on the surface (approx. 1-3 wt%), owing to airborne 
sulphurous particulates such as rubber and asphalt, as well as gypsum

mm

Fig. 44. Sulphur profiles for limestone from three buildings in the centre of Stock
holm: x for Brunflo, black rhombus for Yxhult, and + for Öland limestone. A. 
Säfström and A.G. Nord.
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from damaged and sulphatised mortar. The commonest forms of damage 
are grime, cracking and exfoliation, of which a secondary cause is rain and 
frost combined with a dense, black coating on the surface.

Another quartz-cemented type of sandstone which we have studied in 
detail is Lingulid sandstone, quarried in Västergötland, e.g. round about 
Kinnekulle. This stone is made up of 20-50 gm quartz grains with smaller 
quantities of feldspars, clay minerals, limonite, pyrite, glauconite, jarosite, 
calcite, gypsum, andalusite etc. This stone has often been used for church 
buildings, which display unsightly discoloration: black and grey expanses 
and brown or yellow patches or streaks (Fig. 45). Our research findings

Fig. 45. Staining of Lingulid 
sandstone, Forshem Church, 
Västergötland, west portal. 
Photo A.G. Nord.
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have been presented in a separate paper (Nord, Tronner & Säfström 
1994). A brief summary is offered below.

Sampling at Forshem Church comprises 16 cores and 114 surface sam
ples. The discolorations are due to various precipitations of iron. These 
compounds, however, are so poorly crystallised that they can only be iden
tified with Mössbauer spectroscopy. The precipitations mainly consist of 
various iron oxide hydroxides and iron sulphates, including jarosite, 
KFe3(S04)2(0FI)6. The iron comes from minerals, usually pyrite, which re
act with acid rain, whereupon iron migrates to the surface and is then pre
cipitated. The concentrations of iron on the surface are reflected by the 
colour, in such a way that a heavier concentration produces a darker col
our. The concentrations of iron and sulphur are positively correlated.

Isotope studies of samples from the surface and from sulphur-rich min
erals inside the stone have yielded highly variable S34S values in relation to 
CDT (Löfvendahl, Nord & Torssander 1996), which neither supports nor 
contradicts our hypothesis that the sulphur, like the iron, mostly comes 
from the stone itself. For some surface specimens we have determined 513C. 
Values were then obtained ranging from -27.9 to -24.0 per mille in rela
tion to PDB, i.e. values closely agreeing with published data for fossil fuels 
but also for plants (Faure 1977). The rural surroundings make the latter 
alternative the more plausible of the two.

Salt efflorecsence. Visible precipitations of salt are common on porous 
stone materials. The problem of salts has been observed, for example, by 
Andreas Arnold (Arnold 1984; Arnold & Zehnder 1989; see also Charola 
& Lewin 1979). Because salt in building stone demonstrably contributes 
towards its degradation through chemical influence, salt migration and 
salt weathering, exact identification is important. Salts capable of binding 
large quantities of water in the crystal structure entail an especially grave 
risk of salt weathering. When anhydrous sodium sulphate (tbenardite) 
forms the decahydrate mirabilite by absorbing water, its molecular volume 
increases by 415%, as compared with a volumetric increase of 9% when 
water freezes to ice. Obviously it is important to identify the reason for the 
formation of these salts, so that the problems can be dealt with. Most salts 
dissolve readily in water, which makes it easier for them to migrate in a 
damp stone. Quantitative determination, mainly of anions, has been per
formed by leaching and FIPLC analysis. The commonest anions in salt pre
cipitations are sulphate, chloride, carbonate and nitrate, whereas the cati
ons are nearly always sodium, potassium or calcium (Nord & Tronner 
1991; Nord 1992; Nord & Svärdh 1995).

Sulphates belong, both quantitatively and qualitatively speaking, to the 
commonest types of salt in precipitations on faęades, socles etc. Needless 
to say, gypsum (calcium sulphate dihydrate) is very common on highly cal
careous building stone. Sodium sulphates, such as thenardite or mirabilite,
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Fig. 46. Salt precipitation on Gotland sandstone, mostly consisting of sodium sul
phate. Specimen from Tidö Castle, Västmanland. Photo K. Tronner.

are also common (Fig. 46). Where all sulphates are concerned, most of the 
sulphur appears to emanate from air pollution. The sodium in sodium sul
phate and other sodium salts can come from groundwater, road salting, 
detergents, unsuitable consolidants or minerals in the stone. A total of 17 
different sulphates have been demonstrated in salt layers on Swedish build
ing stone.

Chlorides are often found in damp basements, where they can grow into 
long needles from the substrate stone. Their origin can often be related to 
road salting or groundwater problems. This is the case, for example, with 
the cellars of the German Church and Svartbrödraklostret (“Blackfriars”) 
in the Old Town of Stockholm, and also with the crypt of Lund Cathedral. 
Sodium chloride (halite) is by far the commonest type of salt.

Exudate from mortar naturally includes calcium carbonate, both in
doors and out. Otherwise salt precipitations containing carbonates are 
unusual outdoors, presumably because air pollution rapidly transforms 
them into other salts (sulphates, nitrates). Indoors, and especially in damp 
spaces, carbonates are more common. Sodium carbonates are commonest 
of all. These occur in many different forms and compositions, sometimes 
as hydrates or hydrogen carbonates, mostly stringy and more or less hygro
scopic (Fig. 47). Commonest of all is trona, Na3H(C03)2"2H20.
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Fig. 47. Partly hygroscopic salt crystals of sodium chloride and sodium carbonate. 
From salt precipitations on medieval Höör sandstone, crypt of Lund Cathedral. 
Photo A.G. Nord.

Nitrates occur sporadically. In small concentrations they can be related 
to air pollution, e.g. from motor traffic, but larger quantities in salt precip
itations, above all at ground level, are probably of biogenic origin, e.g. 
deriving from the droppings of various animals. The commonest alkali ni
trates in building stone are sodium nitrate and potassium nitrate. The unu
sual double-anionic salt darapskite, Na3(N03)(S04)-H20, has been found 
at Alvastra Monastery and in the crypt of Lund Cathedral. Phosphates and 
oxalates are relatively uncommon. Calcium oxalates can be formed as a 
result of oxalic acid secreted by lichens reacting with a calcareous substrate 
stone. One oddity is that by X-ray diffraction we have identified calcium 
hippurate and calcium ureate, products of a reaction between limestone 
and bird droppings. The latter, due to their acid content, have a drastic 
etching effect on calcareous types of stone.

Chlorine and phosphorus. Low concentrations of chlorine and phospho
rus can nearly always be observed on building stone. Chlorine is usually 
bonded with sodium and often of marine origin. But a lot of chlorine is 
distributed in the atmosphere from refuse incineration and industry. The sur
face concentration of chlorine on stone is somewhat higher in cities and 
coastal areas (>0.4 wt%) than in the countryside (0.1-0.2 wt%, cf. Nord, 
Svärdh & Tronner 1994). Phosphorus on building stone derives from refuse
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incineration, agriculture, industry, waste etc. The highest values (0.5-0.8 

wt%) we have found have been in cities and in typical farming areas.
Black layers. Thin black layers often form on building stone, above all 

in polluted environments. Many black crusts on calcareous stone have 
been described in the literature, whereas complete analyses of thin black 
crusts on non-calcite stone have only recently been presented (e.g. Nord & 
Tronner 1991, 1992; Nord & Ericsson 1993; Saiz-Jimenez 1993; Nord, 
Svärdh & Tronner 1994). The black surface contains both inorganic and 
organic substances. (Sometimes the black layers can also be of biogenic 
origin; see below.) Analysis demands many different techniques, including 
GC-MS. We have identified the following substances or groups of sub
stances:

D Particles of soot, rubber and asphalt from motor traffic, industry, oil 
combustion, refuse incineration etc.

D Eroded spheroidal particles of fly ash, about 0.01 mm in diameter, con
taining calcium, aluminium, silicon, oxygen and (frequently) carbon. 
These are formed when fossil fuels are burned (Del Monte et al. 1991, 
1994).

D Mineral particles from roads and the construction industry (quartz, feld
spars, calcite, gypsum), salt particles 

D Metal-rich particles from motor traffic, oil combustion, industry etc.
D Organic substances from motor traffic, industry, oil combustion etc., 

such as alkanes, alkenes, fatty acid esters, aldehydes, ketones, phenol 
derivates, polycyclic aromatic hydrocarbons (PAH) etc.

□ Certain biogenic products.

The substances adsorbed on stone surfaces cause damage to the stone 
which can be summarised as follows:

D They are unsightly on historic buildings.
D Their complex composition impedes cleaning. In practice only mechan

ical cleaning methods can be used.
D The (frequently) greasy surface constitutes a hydrophobic layer which 

can result in water being trapped and indirectly causing damp-related 
damage and exfoliation.

D Soot and metallic particles catalyse a certain degradation of the stone.

The quantities of the above substances disseminated in a city can be con
siderable. In a city with 250,000 motor vehicles, every year about 1,000 
tonnes of tyre rubber, about the same amount of material from wear and 
tear on roads, and about 100 tonnes of fine-grained iron particles, e.g. 
from brake-shoes, will be spread into the atmosphere (Nord 1996). Con
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taminated stone in central Stockholm normally contains 1-3 mg soot per 
cm2, while in the Swedish countryside it has only one-tenth of these values. 
Samples from the southwest of Poland yielded analytical values in the re
gion of 4-6 mg soot per cm2 (Nord & Svärdh 1991). In the larger towns 
and cities of Sweden we have found 0.01-0.03 mg vanadium/cm2, some
what higher concentrations of chromium and nickel, and 0.05-0.20 mg/ 
cm2 lead (Nord, Svärdh & Tronner 1994). Concentrations of iron are a 
good deal higher, frequently >2 mg/cm2, owing to motor traffic and oil- 
fired central heating (Sabbioni & Zappia 1993), as well as industrial activ
ity and degradation of the stone itself. Most of the iron is bound in iron 
oxides, iron oxide hydroxides and iron sulphates, which have been investi
gated by means of Mössbauer spectroscopy (Nord & Ericsson 1993). At 
most, using GC-MS, we have identified 93 different organic substances on 
a single specimen of stone.

As mentioned earlier, microorganisms can also cause discoloration of 
stone, due to the secretion of melanin derivatives. The importance of mi
croorganisms for the discoloration of stone has above all been stressed by 
German researchers (e.g. Warscheid et al, 1990, 1991, Krumbein 1992). In 
other countries there is more scepticism regarding the allegedly great im
portance of bioorganisms (Lazzarini & Salvador! 1989; Ashurst & Dines 
1990; Nord & Tronner 1992). The truth probably lies somewhere in be
tween, i.e. both “chemical” and “biogenic” black coatings exist (Hansson 
1995). Apart from discoloration, microorganisms can cause other damage, 
due to the secretion of organic acids or chelatic ligands, which are capable 
of dissolving certain minerals.

This section has shown that clear connections can sometimes be found 
between results of chemical analysis, damage and causes of damage. In 
other cases the connections are unclear and may even be entirely absent. 
This is part of the complexity of the problem. Of course, a great deal of 
research remains to be done. As stated earlier, however, continuing efforts 
are needed with reference to salt migration and salt weathering, consolida
tion of stone, identification of microorganisms etc. Some types of stone 
have, as yet, been only sparingly investigated. This is the case with granite, 
gneiss, porphyry, diabase, diorite, slate, cement, concrete and brick. Al
though these types of stone are relatively resistant, research should be done 
in order to study and clarify their weathering.
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Research and development on 
stone degradation
Runo Löfvendahl

“Heritage objects of stone” is a wide-ranging context including everything 
from objects whose external form is entirely created by human hand, e.g. 
sculpture, to objects on which man has left a message without changing or 
moving the natural surface, as for example in the case of a rock painting. 
Generally all heritage objects of stone present patterns, ranging from natu
rally ice-ground, cracked or eroded to treated surfaces. Exposed to wind 
and weather, these surfaces are continuously changing. This complex proc
ess of change (Table 10) has very different effects on different types of 
stone. In order to describe the change, a system has been developed which 
is relatively uniform at international level (Gnudi 1989; Honeyborne 
1990; Arbeitsgruppe 1992; Storemyr 1993). Here in Sweden, simplifica
tion has been taken to very great lengths so as to create a terminology 
which will be practically useful even to the non-specialist (Löfvendahl et al.

Table 10. Principal factors governing the weathering and degradation of stone ma
terials. (Water, oxygen, temperature, contaminants.)

Natural process Anthropogenic process
PHYSICAL CHEMICAL BIOLOGICAL ACTIVE

(poor action)
PASSIVE
(indirect)

Freeze/thaw Dissolution
cycling

Micro
organisms

Cleaning Poor material

Phase Crystalli-
conversion sation

Algae Surface
treatment

Contaminated
air

Swelling Lichens Pointing Neglected
maintenance

Heat fluctuations
Load/movements
Wind/mech. wear
Vibrations
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1994, p. 53). Our classification ties in closely with the above mentioned 
systems. The terminology is descriptive and can be plotted on drawings by 
means of shading codes, marking pens or the computer (see chapter on 
Digital imaging). We have applied this system to the documentation of the 
medieval limestone portals of Martebo Church in Gotland (Fig. 48; cf. 49) 
and have also embarked on an interdisciplinary documentation of the exte
rior of Linköping Cathedral. Parallel to this latter venture, similar docu-

m
Strong relief and pitting 
Intermediate relief and pitting 
Mechanical damage etc.

Material loss (distinct) 
Black staining 
Cracking

Fig. 48. Damage documentation, the east capital frieze of the south nave doorway, 
Martebo Church. Graphic processing A. Sunnebäck.

Fig. 49. The same subject as in fig. 48, this time photographed. Notice the heavy 
weathering of the right hand part (exposed to the rain) and the well-preserved (shield- 
ed) figures on the left. Photo B.A. Lundberg 1992.
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mentation and examination has been undertaken of St Vitus’ Cathedral in 
Prague (Vlckova et al. 1995), partly with funding from RAÄ (Central 
Board of National Antiquities).

At each practical instance, the types of damage we have defined have to 
be linked to a cause of damage, and we have therefore aimed to integrate 
ongoing research with an general weathering model, the first stage of 
which can be briefly summarised as follows. Surface changes are primarily 
governed by the solubility of the different minerals in water. It is also this 
chemical weathering in the form of material dissolution which is quantified 
through the exposure of fresh slabs of stone. Where limestones are con
cerned, chemical weathering is the dominant form of degradation. Stones 
like granite and quartzite, on the other hand, have very slow rates of chem
ical weathering. Microorganisms exist even in fresh, unweathered stone, 
and subsequently the surface of the stone is usually colonised by algae and 
lichens. These help to dissolve minerals near the surface and attack grain 
boundaries. Chemical and biological weathering transforms the surface of 
the stone, making it rougher and more porous. It may seem surprising that 
a monomineralic stone surface, such as a limestone, is roughened by expo
sure to the atmosphere. But all types of stone have an internal structure. 
For one thing, a pure limestone may include both fossil impressions, de
graded fine-grained fossil remains and subsequently precipitated calcite 
cement, but the stone may also be layered. These conditions make weather
ing more or less selective. The stone is continuously contaminated on sur
faces partially or completely sheltered from rainfall, in which case black 
crusts of gypsum or salt precipitations appear, whereas surfaces exposed to 
rainfall are all the time flushed clean and continuously dissolved. Lime
stone exposed to rainfall generally loses weight but, on the other hand, 
puts on weight in positions sheltered from rainfall, due to its uptake of 
sulphur dioxide from the atmosphere, which converts the calcite to gyp
sum.

Initial weathering weakens the surface of the stone, which is eventually 
attacked by various physical processes, such as exfoliation or cracking. 
This is the level at which conservation may come into question. During the 
present century, the predominant view of stone material has been that of 
something everlasting and highly resistant; earlier supervision and continu
ous maintenance vanished. This has been an important cause of present 
rapid decay. Hidemark (1991) has pointed to the importance of continu
ous maintenance involving little interference as superior to extensive meas
ures at long intervals of time (Fig. 50).

A number and variety of field studies have been carried out, most of 
them externally and with RAÄ funding. They include exposure studies 
with environmental gauging, image treatment and characterisation of the 
surfaces of sculptures, micromapping of stone surfaces, chemical examina-
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Condition

' ' Condition after continuous (yearly) check up and maintenance

i Condition after maintenance with longer time interval Time
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------- *.

Fig. 50. Sketch of the consequences of continuous supervision and maintenance or 
measures at longer intervals of time (freely adapted from Hidemark 1991).

tion of rock carving surfaces, isotope studies of Gotland sandstone, meas
urement of traffic vibrations and biological documentation. Laboratory 
studies in greater depth concern air pollution gases and their absorption 
and reaction with the surface of the stone, the weathering rates of plagi- 
oclases and micas and freeze/thaw impact on sandstone, limestone and 
granite.

Exposure studies
This refers to the placing of fresh pieces of stone in various environments 
and the recording of what happens to them.

The microclimate of Stockholm Palace has been characterised by meas
urement. Metals and stone specimens have been subjected to parallel expo
sure (Norberg et al. 1993; Rendahl et al. 1994). The measurements includ
ed were atmospheric concentration and deposition of S02 and N02 respec
tively, temperature, wind, UV radiation and the amount and composition 
of precipitation. Ordovician limestone slabs were exposed outdoors at 15 
positions at the Palace, both exposed to rainfall and partly sheltered from 
it. In addition, slabs of Gotland sandstone were exposed at five points, 
both sheltered from the rain and exposed to it (Rendahl et al. 1994). “Wet- 
corr” moisture gauges developed by NILU (Henriksen et al. 1992; Norberg 
1993), were used to quantify wet time. The measurements, taken in 1992 
and 1993, reveal the following. The average monthly atmospheric concen
tration of S02 is 0.6-11 pg/m3 and the deposition rate is 0.5-11 mg/m2 per 
24 hours at the different points. The corresponding figures for N02 are 7-
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42 pg/m3 and 0.4-1.6 mg/m2 per 24 hours respectively. In other words, 
sulphur concentrations in Stockholm today are very low and do not differ 
noticeably from those occurring in rural surroundings. On the other hand, 
nitrogen oxides, emanating mostly from vehicular traffic, are still relatively 
high and have not diminished appreciably in recent years. The pH of pre
cipitation in the Stockholm area is now upwards of 4.5 (4.2-5.2). Chemi
cal analyses showed the ions sulphate, chloride and nitrate to predominate 
together with sodium. The limestone slabs were weighed after 6 and 12 
months. The losses recorded at 6 months were 15-55 mg/slab for speci
mens exposed to rainfall and 15-30 mg/slab for those partly sheltered from 
it. At 12 months the corresponding weight losses were 15-110 mg/slab and 
10-40 mg/slab respectively. The sandstone slabs presented a variable pic
ture but had generally lost weight. The reduction in weight was of the same 
magnitude as for the limestone slabs, but small weight increases occurred 
at some points (Rendahl et al. 1994).

The results can be summarised as follows:

1. The concentrations (and deposition) of S02 are low to very low, rising 
above 5 pg/m3 in wintertime only.

2. The concentrations of NOz are generally in the region of 20 pg/m3 and 
have not diminished in recent years.

3. The wet-corr instruments proved an unsatisfactory method of quantify
ing wet time, because their electrolytic cells soon became dirty, yielding 
elevated current strengths.

4. The rain shelters put up were too small, with the result that all the test 
pieces were exposed to variable amounts of rain on different occasions.

5. Both exposed and sheltered specimens lost weight, but these losses were 
small and corresponded to those occurring in rural surroundings a dec
ade or so ago.

6. The stone contains small amounts of sulphur. After 6 and 12 months’ 
exposure, however, quantifiable amounts of sulphur persist in all speci
mens, the highest concentrations occurring in positions sheltered from 
the rain. Samples from the exposed roof station contained very low con
centrations of sulphur.

Meantime Ordovician limestone from Borghamn and Gotland sandstone 
were also exposed on St Vitus’ Cathedral in Prague (Vlckova 1994; Vlckova 
et al. 1994) and on the island of Gotland (Martebo Church and the Drotten 
ruin in the centre of Visby; Gullman 1995). The Gotland samples generally 
displayed small losses of material in rain-exposed areas, reflecting the low 
S02 concentrations now being recorded on the island. Conditions in Prague 
are different. Sulphur dioxide concentrations there are still fairly high. The 
deposition rates were 40-100 mg/m2 per 24 hours in wintertime and 4-17
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mg/m2 per 24 hours in summertime. This corresponds to 50-120 pg/m3 air
borne S02 in winter and to 5-22 pg/m3 in summer (with a conversion factor 
of 1.2). Thus the atmospheric concentration of S02 is generally ten times 
higher at St Vitus’ in Prague than at Stockholm Palace in wintertime. On St 
Vitus’ Cathedral, Ordovician limestone and Gotland sandstone were ex
posed for one year (1993). The four parallel specimens of each stone exposed 
show good agreement between themselves. Sandstone and limestone pre
sented very similar weight changes. The specimens exposed on the south side 
lost 100-240 mg substance/slab, while those sheltered from rainfall on the 
south side and slabs on the north side (both exposed to and sheltered from 
the rain) gained 3-26 mg/slab (Vlckova et al. 1994).

RIK (The Conservation Institute of National Antiquities) is also taking 
part in the EUROMARBLE exposure project, headed by R. Snethlage in 
Munich (see Simon & Snethlage 1993). In that project, four different types 
of marble, Ekeberg marble among them, have been exposed since 1992 in 
seven different places, from Messina in the south to Stockholm in the 
north. The change undergone by the material is being recorded by various 
non-destructive surface methods, such as reflectance, colour, surface 
roughness and water uptake. Quantifiable changes on the surface of the 
stone could be recorded after barely one year (Simon & Snethlage 1993). 
After three years, the climate in Göteborg, Munich and Messina has been 
found to attack the marble specimens more than in Stockholm and Vienna. 
Access to objective methods of measurement is immensely useful as a 
means of comparing the development of damage to stone, and the EURO
MARBLE methods are to a great extent applicable to other stone materials 
as well as marble.

Within the EUROMARBLE framework, a workshop attended by about 
20 delegates was arranged in Göteborg in September 1992. One pilot ob
ject under the project is the Gustavus Adolphus monument in Göteborg. 
This was conserved in the summer of 1994 (Lindborg 1995) and, as part of 
the conservation, consolidated with Paraloid B72. The results have been 
further discussed with the EUROMARBLE Group and are also forming 
the basis of conservation work on the Nationalmuseum (Stockholm) 
faęade sculptures in 1995 and 1996.

Micromapping
One way of defining stone surfaces and, indirectly, the degree of weather
ing, is to measure their microtopography. RAÄ/RIK has therefore support
ed the development of a microsurface gauge for field use (Swantesson 
1992; Swantesson & Oldberg 1993; Swantesson 1994). This instrument 
has four components, viz:
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1. A gauging frame with steering motors for movement on the x and y axes,
together with a laser and angle indicator.

2. A box containing the control and steering unit.
3. A portable computer.
4. Rechargeable batteries.

This instrument, weighing 15 kg altogether (Fig. 51), is used for measuring 
areas of up to 40 x 40 cm with a maximum height interval of 10 cm. The 
height resolution is estimated at 0.025 mm and the field precision better than
0.1 mm. The instrument can be applied to all types of surface, from horizon
tal to vertical. Spot measurements are taken along the y axis, with a freely 
chosen distance between measuring points (min. 0.1 mm). Up to about one 
million measurements can be recorded; usually 100,000 figures per area is 
sufficient. Measurements are recorded in a computer unit and can then be 
transferred to a larger stationary computer unit and suitably processed for 
subsequent presentation. A complete measurement takes between 2 and 2.5 
hours. A suitable form of presentation may be a surface roughness index, a 
micromap with isolines or a three-dimensional bar chart. In addition to 
measuring an area on one single occasion, it will also be possible to return 
and re-measure the surface after a suitable interval of time. By superimpos
ing these re-measured surfaces on one another, one can study the changes 
occurring and quantify the weathering rate. The problem of returning to the 
same surface can be solved by driving in small pins or by plotting projecting 
crystals, e.g. of quartz. At least three such points are needed for an exact 
localisation.

The instrument has mainly been used for measuring the surfaces of rock 
carvings. So far (October 1995) about 30 such surfaces have been measured, 
and recurrent measurement is planned for 20 of them. Measurement of gla
cially ground Bohus granite surfaces reveals a distinct correlation between 
the atmospheric exposure time of the stone surface and increased surface 
roughness. Weathering increases the topography (surface roughness) of Bo
hus granite by about 1.5 mm/1,000 years. Work has also started on measur
ing vertical surfaces of standing runestones, with a view to recording and 
monitoring their weathering, and especially the course of exfoliation. Even
tually the interpretation of indistinct carvings and characterisation of surface 
treatment and weathering in building stone may also come to be considered.

Chemical field studies
The weathering of rock carvings has attracted special attention in recent 
years. In this connection, a number of preventive measures have been taken, 
such as roofing over part of Aspeberget at Tanum. The architects’ competi
tion for the protection of rock carvings (see chapter on rock carvings), can
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Fig. 51. The laser surface gauge used for examining the Rök Runestone. Photo R. 
Löfvendahl 1995.
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also be viewed in this connection. So too can documentation of damage to 
about 50 rock carvings, with the accompanying statistical processing (Mag
nusson & Berg 1994) and characterisation of the chemical environment 
(Sjöberg et al. 1995), as described already in chapter Rock carvings.

Isotope studies
Isotopes have proved serviceable for quantifying the weathering depth and 
origin of Gotland sandstone. Examination of fresh and weathered Gotland 
sandstone (Åberg et al. 1995) has shown that:

1. Carbon isotopic composition (513C) in the stone varies regularly.
2. The weathered sandstone surface changes its isotopic composition in the 

course of weathering. Carbon isotopic composition (813C) changes more 
than oxygen isotope composition (8lsO). The change in carbon isotopic 
composition penetrates deeper still.

One pivotal question has concerned the origin of the sulphur in the gypsum 
crusts and other secondary sulphate minerals formed on stone surfaces. We 
(Löfvendahl &c Nord 1996) have studied two types of stone, namely 
Gotland sandstone and Lingulid sandstone from Kinnekulle and Billingen 
in Västergötland. These present considerable differences. The isotopic 
composition of sulphur (S34S) for Gotland sandstone in buildings in the 
urban environment indicates a predominance of atmospheric sulphur. In 
rural surroundings on the island of Gotland, by contrast, 834S in the oxi
dised sulphurous minerals approaches the value for pyrite occurring in the 
stone. The isotopic composition of oxidised sulphate minerals in the Lin
gulid sandstone from Västergötland (quarries and buildings), on the other 
hand, deviates considerably from atmospheric sulphur and usually ap
proaches the composition of the pyrite in the stone.

Vibrations
Vibrations are a typical physical phenomenon with several possible causes. 
The extent of traffic vibrations and their impact on old buildings and ruins 
have been little investigated in Sweden. On RAÄ/RIK’s behalf, therefore, 
measurements were taken of traffic vibrations in the centre of Visby (Ahlin 
1993). These measurements were taken at three points, viz:

1. The medieval limestone ruin known as Drotten.
2. The medieval limestone apothecary’s shop.
3. The Visby town wall close to a speed bump.
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The measurements were taken at two or three different heights in the 
buildings, viz at street level, one floor up and from the attic. The vibrations 
were quantified for background level and with a four ton lorry driving over 
a plank at speeds of 10, 20 and 30 km/h. The vibrations were recorded in 
three directions, viz vertically, parallel (the direction taken by the vehicle) 
and at right angles to the street. They were accelerometer-detected, ampli
fied and tape-recorded.

Standards and recommendations concerning building vibrations are stat
ed in speed (mm/sec). ISO has recommended limit values of 1-2 mm/sec as 
harmful minimum values for ruins and old buildings. These speeds were 
never attained in the measurements taken. The highest figure, upwards of
0.5 mm/sec, was recorded at the Old Apothecary’s Shop (Gamla Apoteket) 
when the vehicle was driven over the plank at 30 km/h. At the town wall, the 
vibration speed did not exceed 0.16 mm/sec. The vibration speeds were high
est at street level, diminishing as one moved further up in the buildings. We 
conclude that traffic vibrations in the centre of Visby are relatively harmless, 
even under these fairly rigorous experimental conditions.

Geophysical methods of measurement
One general problem where building stone is concerned is the lack of meas
uring methods for clarifying the internal status of stone. Literature has 
therefore been studied in search of suitable methods of non-destructive 
testing of the internal properties of stone objects (Bodare 1996). This study 
encompasses mechanical and electromagnetic methods obtained both from 
industry and from geophysics. The aim has been to size up a field in which 
methods have been subjected to highly variable degrees of practical testing, 
ranging from the primitive Schmidt’s test hammer to conventional ultra
sonic measurement and modern radar technology. The methods have been 
appraised with reference to the current state of technology, and an assess
ment then made of their suitability for field use on stone heritage objects.

The mechanical methods have been divided into seismic, ultrasonic, 
hammer and acoustic emission. Of these, ultrasound is the only one to 
have been practically tested on stone heritage objects (Köhler 1988). This 
method can be applied relatively quickly and inexpensively to documenta
tion and stone conservation. Apart from ultrasound, seismic transmission, 
impact echo and hammer blow analysis are also of some interest. Hammer 
blow analysis is a new idea, based on relatively simple equipment, which 
we are planning to test experimentally. The electromagnetic methods in
clude radar, specific resistance and magnetic loop. Radar has been used on 
stone objects in research contexts and is essentially developable, but will 
probably be too expensive to be developed for this purpose only.
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Biological weathering
The extent and harmfulness of biological weathering are unclear. We have 
not devoted very much attention to this aspect, owing to Sweden’s limited 
national competence concerning land algae and microorganisms, but the 
occurrence of lichens has been fairly comprehensively recorded. In this proc
ess, species composition and degree of coverage on stone surfaces have been 
made clear (Johansson 1993; Nordin 1995, Tibell MS). Internationally there 
is a great deal more activity in the biological sector, above all in Italy, Spain, 
Britain and Germany (e.g. Krumbein 1988, Wilson 1995). Hansson (1995), 
however, has demonstrated the occurrence of mould and yeast fungi on mar
ble objects in Göteborg.

Tibell (1991) has inventoried the occurrence of lichens on rendered walls 
and natural stone surfaces of Gotland Churches. He has also (Tibell MS) 
documented the lichen flora on the medieval limestone portals of Martebo 
Church (Fig. 52). Earlier photographs reveal that the specific composition

Fig. 52. Lichen growth on figures 
exposed to rainfall. Martebo 
Church, south nave doorway. 
Photo B.A. Lundberg 1992.

124



on the north portal of the church has changed, due possibly to a change in 
micro conditions, probably the degree of shade. Johansson (1993) has inven
toried the lichen flora on Lund Cathedral and compared this with a previous 
inventory by Almborn (1935). Almborn in 1935 was able to demonstrate 
four species, whereas Johansson in 1992 identified 14. Most of the lichen 
bodies in 1992 were small, which suggested recent colonisation. Changing 
microclimatic conditions, not least the declining concentrations of sulphur 
and soot in the ambient air, are probably important factors behind the in
creased number of species. Linköping Cathedral, built entirely of Ordovician 
limestone, also has a large number of lichens, with 21 species altogether. 
Two of these were cuprophilous and grew thanks to the cathedral being 
roofed with copper.

Efforts to remove biological growth, lichens especially, in the gentlest pos
sible way have been intensified. It seems as if covering over with soil for a 
year or so or burying with slaked lime paste can very well replace mechanical 
and chemical methods. These experiments are described in chapter Rune- 
stones.

Laboratory studies
The work mainly funded out of RIK’s research budget comprises three ex
tensive laboratory studies at three different institutions, viz:

1. Uptake, oxidation and reaction of S02 on stone surfaces.
2. Degradation of rock-forming silicate minerals in various aqueous solutions.
3. Impact of freeze/thaw cycles on types of rock, given varying degrees of 

water saturation and saline content.

Sulphur dioxide on stone surfaces
The Department of Inorganic Chemistry, Göteborg University (IOOK- 
GU), was already engaged during the mid-1980s on studies of the air pollu
tion gases S02 and N02 and their corrosive effects, mainly on metals (Jo
hansson 1985; Johansson et al. 1986). In this connection, various types of 
metal foil, but also limestone specimens, were exposed in test chambers to 
varying relative humidities (RH) and to heavy concentrations of the above 
mentioned gases, either separately or conjointly. The results showed the 
sulphatisation of the surfaces of the material to increase with RH, but they 
also showed that the process was accelerated with the gases acting together 
compared with only pure sulphur dioxide present. They concluded that 
N02 acted as an oxidising agent in sulphatisation via S03 and a number of 
intermediate stages to the end product, gypsum. Further studies (Johans
son 1990; Mangio 1991) showed that N02 was not consumed in the sul-
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phatisation reaction but instead seemed to catalyse the oxidation reaction 
without being consumed, and also that the process was rendered still more 
efficient by the presence of ozone or soot on the surface of the stone.

Since 1991, studies in greater depth have been pursued mainly by Elfv
ing. This work has been summarised in a doctoral thesis (Elfving 1994). 
Somewhat earlier, Elfving (1991) presented studies of the distribution and 
penetration behaviour of consolidants and waterproofing agents (Steinfes- 
tiger OH and H) in Gotland sandstone. As expected, the consolidant pen
etrated beneath the surface while the waterproofing agent remained on it. 
Sulphatisation following S02 administration was a good deal lower for 
treated than for untreated fresh stone; the waterproofing agent prevented 
the reaction to a far greater extent than the consolidant. More recent stud
ies (Elfving 1994) have focused on the sulphatisation process on calcite and 
limestones in the presence of N02, 03 and the transitional metals iron and 
manganese. Both fresh, untreated and consolidated stone was used. Oxida
tion of S02 via intermediate products occurred in the presence of all these 
oxidants. Manganese was most effective, followed by iron, while N02 did 
least to accelerate the reaction. The examination of more or less pure lime
stones also showed that those with the highest concentration of oxidised 
manganese and iron absorbed S02 more rapidly than absolutely pure lime
stones; sulphatisation was proportional to metallic content. Sulphatisation 
was noticeably reduced in consolidated specimens. The process was also 
studied on slaked lime—Ca(OH)2—which is often used for pointing and 
rough rendering. The intermediate product Ca-sulphite formed very rapid
ly even at lower RH levels, whereas carbonation only occurs at higher RH 
levels. Here again, S02 deposition diminished after waterproofing and 
consolidation. The binding of S02 to calcite has been studied using a 
DRIFT (diffuse reflectance infrared Fourier transform spectrometer). The 
sulphur dioxide bonds with the calcite surface as sulphite. The sulphite 
desorbs in a damp atmosphere if there is no oxidant present. Ozone is an 
effective oxidant under all conditions, whereas N02 only works at high 
RH levels.

One principal concern is to judge the relevance of these studies under 
natural conditions and to translate them into practical measures. The very 
first studies (Johansson 1985) indicated that N02 acted as an oxidant in the 
sulphatisation and reaction of carbonate to sulphate (gypsum) at high RH 
levels. Further studies in Britain (cf. Cooke & Gibbs 1993) suggest, however, 
that N02 does not act in this way in natural conditions. Ozone is a much 
more effective oxidant, but urban environments with heavy concentrations 
of nitrogen compounds are if anything depleted of ozone (which is con
sumed in the oxidation of NO in areas with heavy traffic). In reality, stone 
surfaces are never clean: they are always coated with grime, organic materi
al, particles and soot. Black staining is always enriched with oxidised iron
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(Nord & Tronner 1991), which has a good potential for accelerating sul- 
phatisation. Even though sulphur concentrations have been greatly reduced 
in the urban environment, the sulphatisation process on carbonate stone 
continues, albeit less rapidly. One important task, therefore, is to reduce the 
amount of oxidants on stone surfaces. This can be done by cleaning, consol
idation and waterproofing. Even more efficacious in this connection is the 
product called GYPSTOP, which has been tested in Krakow (Kozłowski et 
al. 1992). A more general question is how the amount of oxidants on stone 
surfaces can be reduced without causing other negative effects.

Elfving’s latest work (1995) has concentrated on studies of sulphur di
oxide uptake on fresh and weathered Bohus granite. Previously (Elfving & 
Lindqvist 1992), studies were made of S02 deposition rates with varying 
N02 and 03 quantities and RH, and bonding conditions were examined by 
means of DRIFT spectroscopy and corrosion product analysis of the sili
cate minerals mica and feldspar. S02 uptake is much slower on silicates 
than on calcite—of the magnitude 5%—and accelerates with rising RH. 
Wider co-operation with UMIST in Manchester (Prof. Thompson) has 
been inaugurated, and some of Elfving’s more recent work has taken place 
in Britain. Inquiries are now being made to focus on the rock carvings of 
Bohuslän and their chemical degradation.

One of the main problems connected with the conservation of limestones 
is the lack of effective consolidants. Waxing and lime water treatment are 
traditional methods. Consolidation with silicic acid ester has also been tried. 
All these methods have their drawbacks: waxing gives a waterproof layer 
which is quickly broken down, lime water treatment is a contentious method 
whose effect is unclear, and silicic acid ester does not form chemical bonds 
with the calcite matrix. For this reason a project has been started at IOOK- 
GU to search for functional groups which bind chemically with calcite (Pot
ter 1994; Potter 1995). DRIFT spectroscopy is being used in an attempt to 
detect whether chemical bonds are created. Carrara marble powder is being 
used for this purpose. Following several experiments it has been concluded 
that the phosphate compound diphenyl chlorophosphate (DPCP) apparently 
gives discrete P-O bonds with calcite. The plan now is to investigate whether 
DPCP binds with other carbonaceous rocks such as Gotland sandstone. If 
the results of this study are positive, the intention is to optimise silanes with 
phosphate groups for practical limestone conservation, so as to develop a 
suitable consolidant.

In connection with these studies, an effort is also being made to quantify 
the bonding strengths given by organo-silanes with silicate matrices (Potter 
1995). A method of measuring carbon content when the specimen is heated 
has therefore been developed, combining thermogravimetry with IR spec
troscopy. Continuous heating results in the bonded hydrocarbon groups be
ing expelled through oxidation. The temperature at which they are expelled
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varies, depending on the strength of the bond, and this in turn makes the 
bondings of the different groups identifiable. The gauging equipment will be 
computerised and used for studying the bonding and degradation of consoli- 
dants in silicate matrices.

Weathering, silicate minerals
Degradation rates and mechanisms for rock-forming silicate minerals in 
variously composed aqueous solutions are being studied at the Department 
of Geology and Geochemistry, Stockholm University (IGG-SU) in order to 
find out which factors accelerate and which inhibit the degradation of 
these minerals. In silicate rocks, which constitute about 75% of all exposed 
bedrock in Sweden, the main minerals are quartz, feldspars (potassium 
feldspar and plagioclase) and micas (biotite and muscovite). Quartz, Si02, 
is highly resistant to chemical weathering. Studies so far show quartz to 
have a highly varied weathering rate, but this is probably above all due to 
the process not having been studied long enough.

Feldspars—primarily plagioclase—are the most important group of 
minerals in this connection. Potassium feldspar, KAlSi308, is much more 
resistant. Plagioclase forms a continuous solid solution series from albite 
(NaAlSi308) to anortite (CaAl2Si208). The naturally occurring types are 
often intermediate; in the present case the study is concerned with the min
eral phase labrador with 30-50% albite. Plagioclase weathers incongru- 
ently, i.e. progresses to secondary aluminium-rich phases. The studies un
dertaken previously yielded variable results and so the course of events was 
very differently interpreted (cf. Drever 1982, pp. 132-137). The test rig 
(Sjöberg et al. 1995a) consists of a column of crushed mineral powder 
through which water of predefined composition circulates at a predeter
mined speed. The solution leaving the column is sampled at certain inter
vals and analysed chemically. The study is being performed at various pH 
levels and with varying water chemistry. Degradation of the mineral in acid 
pH proceeds by the following stages:

1. Penetration of the feldspar by hydrogen/hydronium ions.
2. Exchange of cations with hydrogen ions in the mineral, e.g. Na-fsp + H+ 

—>H-fsp + Na+.
3. Hydrolysis of Al3+ in the feldspar structure, e.g. Fsp + H+—>Si-rest + Al3+.
4. Removal of Na+, K+, Ca2+ and Al3+.
5. Repolymerisation of silanol groups: Si-OH + Si-OH—>Si20 + H20.
6. Hydrolysis of siloxane bondings.

In acid solutions, a silane-rich residual layer is formed on the surface of the 
mineral; SIMS (Secondary Ion Mass Spectrometry) analysis indicates
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leaching of Na+, Ca2+ and Al3+ to the same depth. This probably means that 
transport of H+, Na+ and Ca2+ respectively determines the rate of weather
ing and can be described with an expansion of Pick’s second law, in which 
both diffusing and counter-diffusing ions and their charges are taken into 
account. Eventually an equilibrium is reached and the weathering rate be
comes constant (Sjöberg et al. 1995a).

Parallel to the laboratory simulations, ab initio studies, based on funda
mental physical entities, are being undertaken in collaboration with the 
Physics Department of Stockholm University (Sjöberg et al. 1995b). These 
pure computer model calculations suggest that cations in reaction solutions 
(adsorbed) accelerate weathering under alkaline conditions. In an acid envi
ronment, on the other hand, the alkaline ions have a stabilising effect. Thus 
the weathering of silicate minerals can be defined as the breaking of siloxane 
bondings. Feldspar weathering, then, is pH-dependent. In acid solutions, the 
rate of weathering is proportional to the root of the hydrogen ion concentra
tion. The reactions are non-stoichiometric and a silicon-rich layer forms on 
the surface in acid conditions. At pH values over 5, dissolution is stoichio
metric and no silicon layer forms on the surface. In acid conditions, (pH 2-5) 
anions make no difference to the speed of dissolution, but oxalate (C2042 ) 
and citrate ions (H5C6073") accelerate weathering at pH values exceeding 5. 
In acid solutions, the rate of weathering declines with increasing content of 
alkaline metals (Na+, K+) but is accelerated at high pH values. Weathering is 
slowest at pH = 7. Dissolution of labrador shows a linear increase within the 
10-70°C temperature range (Sjöberg 1989; Sjöberg et al. 1995a).

Studies have also been made (Schweda & Kalinowski 1994; Kalinowski 
& Schweda 1996) of the micas muscovite [KAl2(AlSi3O10)(OH)2], phlogo- 
pite [KMg3(AlSi3O10) (OH)J and biotite [K(Mg,Fe)3(AlSi3O10) (OH)2], 
These micas are made up of two silicon tetrahedra layers with an octahedral 
cation layer in between (2:1 layers). Muscovite is dissolved stoichiometrical- 
ly with low pH dependence. The two other micas are dissolved non-stoichi- 
ometrically: phlogopite looses K+ and in biotite the octahedral layers are also 
transformed. Weathering of these two latter minerals is highly pH-depend- 
ent (increased weathering at reduced pH in an acid environment). In the 
degradation of biotite and phlogopite, minerals of the vermiculite type are 
formed and the metallic ions are leached out. The addition of alkaline metals 
(K+) reduces the dissolution of biotite and phlogopite. The inner structure of 
micas and their conversion can be studied by means of TEM (transmission 
electron microscopy). An unaffected mica has a distance of 10 Å between the 
tetrahedral layers, a converted one 14 Å. Faith-Ell (1995) has shown that 
epidote, a calcium iron silicate, is just about as resistant to weathering as 
microcline and shows the same pH-dependent dissolution as the latter in an 
acid environment.
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Studies of solidified silicic acid ester, which is the main consolidant 
used, have been performed as a degree assignment (Conradsson 1995). 
Quartz powder was coated with tetraetoxy silane (TEOS: Steinfestiger 
OH). The dissolution of TEOS displays the same pH dependence as quartz 
dissolution. The rate of dissolution is slightly higher than with feldspar, 
and appreciably higher at pH levels exceeding two (but much lower than 
for calcite). The weathering rate increases very steeply in the presence of 
NaCl. At pH = 2, TEOS is as insoluble as labrador, but its solubility rapidly 
increases with rising pH (Table 11). At neutral and basic pH values, the 
weathering rates are probably on a level with the weathering of calcite in 
water. The solidification of the consolidant can be followed by means of 
Raman spectroscopy. The relative humidity controls the hydrolysis proc
ess. At 100% relative air humidity and room temperature, the full consol
idation process takes at least eight weeks.

The studies which have been performed can be summarised in Table 11, 
which should convey an approximate idea of the mutual solubility of the 
minerals at acid pH values.

The solubility of most natural minerals displays a positive correlation 
with H+ (the hydrogen ion). That is, the further pH decreases below neu
trality point, the greater the solubility. TEOS displays the reverse relation 
in an acid environment, but a study has to be made of what happens when 
TEOS ages and also of the impact of different salts. This is planned for the 
current funding period. In addition, an investigation will have to be made

Table 11. Solubility of rock-forming silicate minerals, tetraethoxysilane (TEOS) 
and calcite dissolved in water and 25°C at pH=2, 4 and 5.6 (mol/'em2 sec).

Mineral pH=2 pH=4 pH=5.6 Author(s)

Calcite io-7 IO9 io-9 Sjöberg & Rickard (1984)
TEOS (NaCl water) io-13 10-,2.6 IO"'08 Conradsson (1995)
TEOS IO13 10 12 io-128 Conradsson (1995)
Labrador IO-13-5 IO-'4-8 io-16* Sjöberg (1989)
Biotite 10-,1.2 IO'53 - Schweda & Kalinowski (1994)
AI bite 10-MJ IO-'56 IO'6* Chou & Wollast (1985)
Microcline IO-'50 IO-'61 IO-'6-8 Schweda (1990)
Epidote 10-15.2* I0-'6-3 IO-'6-5 Faith-Ell (1995)
Muscovite 10-15.9 I0-'64 - Schweda & Kalinowski (1994)
Quartz** IO'76 10-17.6 IO-'74 Knauss &Wolery (1987)

* Extrapolated from lower or higher pH values. 
** Values extrapolated from 70°C.
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to see whether TEOS solidifies and ages in the same way from a saline 
solution, which is often encountered in field conditions.

The degradation experiments presented are aimed at elucidating the 
weathering mechanisms, the speed-determining steps of the processes and 
ways in which weathering can be minimised chemically. The deceleration 
of chemical weathering is only a partial step, but an important one. The 
following conclusions can be drawn from the experiments conducted:

1. Weathering generally increases rapidly in feldspars and biotite when pH <4.
2. When pH <5, a silicon-rich residual layer forms on the surface of the 

mineral.
3. Muscovite is dissolved stoichiometrically; its solubility displays weak 

pH dependence.
4. Biotite (and phlogopite) react non-congruently during the formation of 

quasi-vermiculite phases (clay minerals). Their dissolution is negatively 
correlated with pH.

5. The degradation of consolidants (Steinfestiger OH) accelerates very rap
idly with rising saline content (NaCl) and at elevated pH (pH>6) can 
approach the speed of calcite dissolution.

6. The addition of ions to the aqueous solution has a noticeable effect on 
the degradation speed of feldspars and micas, increasing them in some 
cases and reducing them in others.

Thus the chemical degradation of stone heritage objects outdoors can be 
influenced by means of chemical additives. This is very important, because 
chemical weathering opens the way for subsequent physical (and biological) 
attacks. The watering and covering over of rock surfaces have to be based on 
chemical knowledge, so as to minimise dissolution. If consolidants are used, 
salt load has to be minimised so as to improve their durability.

Fagerlund (1994) has devised an interesting model of pure chemical 
degradation of calcite-bound sandstone (Gotland sandstone). The starting 
point is that this porous sandstone is cemented with calcite, which thus 
binds it together. The lifetime of the stone can be forecast from capillary 
attraction of rainwater, which dissolves the cementing calcite. On the basis 
of capillary flow to saturation in the stone, rain intensity data and supple
mentary chemical data, one can calculate the lifetime of the stone under 
varying exposure conditions. Preliminary calculations have shown that the 
outer parts of the stone lose their cohesive capacity and collapse in 150 to 
600 years, depending on the degree of rain exposure and on their geometry. 
This model provides an excellent point of departure for calculating calcite 
dissolution. A refined model will be presented after the chemical data have 
been expanded, above all by allowing for atmospheric C02 content and by 
characterising the type of rock more accurately (Sjöberg 1995).
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Physical processes
Studies of the frost sensitivity of a number of Swedish building stones in 
pure and salt water (Fagerlund & Wessman 1992; Wessman 1992, 1993, 
1994,1995) have been in progress since 1991 in the Department of Build
ing Technology, Lund University. Abundant data existed already for artifi
cial materials such as concrete and brick, testifying to the importance of 
the freezing of pore water as a factor of damage (Fagerlund 1991; Fager
lund & Wessman 1992).

Central concepts in this connection are degree of water saturation (S) 
and frost resistance (F). The maximum degree of water saturation, Smax, 
can be expressed as

Smax = 0.9l7+l.lxl0-3/wf

where Wf is the freezable quantity of water in the material, expressed in m3/ 
m3.

The first term, 0.917, corresponds to the maximum fraction of the pore 
space which can be filled without congelifraction of the (rigid) stone, while 
the second term corresponds to the elastic dilatation of the material. If the 
stone is entirely saturated with water (or all its pores filled), then S=1 and 
Wf=0.013m3/m3, i.e. 1.3%. This means that a material with a porosity of just 
over 1% or more can undergo congelifraction, whereas material with a 
smaller pore volume should be able to withstand freezing under all condi
tions. Granites generally have porosities of less than 1 %, whereas limestones 
and sandstones are more porous and, accordingly, are in the danger zone.

The frost resistance, F, of a building material can be determined. For 
this purpose, the following three concepts have been created (Fagerlund & 
Wessman 1992; Wessman 1994):

□ Capillary water saturation, Skap: the largest quantity of water which a 
material is in practice capable of retaining.

□ Critical saturation, Skr: the largest amount of water a material can re
tain, without bursting, when it freezes.

□ Current saturation, Sakt: the amount of water contained by the material 
at any time.

Capillary saturation, Skap, is determined by positioning a test body with 
its base exactly below the surface of the water and weighing the body at 
different time intervals. By extrapolating the graph and assuming a lin-log 
relation, one can calculate Skap, i.e. when the stone is completely saturated 
with water. Critical saturation, Skr, can be calculated experimentally by 
filling the stone with water to different degrees and measuring the change 
in the dynamic Young’s modulus before (E„) and after (Ex) the freezing
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cycle(s). When EX<E0 the stone has been noticeably damaged; the lowest 
saturation level at which this occurs then corresponds to Skr. Another way 
of measuring frost resistance is by following the freezing cycle by means of 
dilatometry. The smaller the difference between Skr and Skap, the less risk 
there is of the material frost-weathering. The current saturation, Sakt, cor
responds to the amount of water contained by the stone at a particular 
time and is a fraction of Skap. Current frost resistance, F(a), will then be:

F(a)_Skr"Sakt

So long as F(a) remains positive, the stone will not be affected by freezing. 
Fresh Gotland sandstone has a porosity of about 20% in the specimens 
(Uddvide, Botvide, Valar) examined. Samples from these quarries went 
through nine freezing cycles, comprising 16 hours’ freezing to -18°C and 
eight hours’ thawing to 20°C. For each specimen, volume, porosity and 
Young’s modulus were measured before and after freezing. Critical satura
tion, Skn shows a linear relation to the Young’s modulus. Skr can be fixed 
for a certain Young’s modulus loss considered to be harmful; the experi
ments employed maximum saturation without Young’s modulus loss and a 
loss of 15%. Skr was then found to be, respectively, 0.6 and upwards of 0.7. 
Skap was then calculated and, from this, theoretical frost resistance, 
F(t)=Skr-Skap. Highly negative F(t) values, implying low frost resistance, 
were obtained for all three stone types. On certain reasonable assumptions, 
for example, five minutes’ pelting rain accompanied by freezing would 
cause superficial frost damage to the stones. In reality the situation is im
proved by a noticeable redistribution of moisture in the surface of the stone 
between the end of precipitation and the commencement of freezing.

The pore size distribution of Gotland sandstone can be defined by Hg 
porosimetry (Wessman 1993). The typical pore size is 10 pm; 80% of the 
pores measure between 1-50 pm. In addition to Gotland sandstone, stud
ies were also made of Ordovician limestone from Öland (from the Gillber- 
ga and Horns Udde quarries) and red Bohus granite from Bratteby, 
Hunnebostrand. Öland limestone has a porosity of about 3.5% and Bohus 
granite 0.6%. Special studies were made of capillary suction, vapour diffu
sion and calorimetry (the temperature at which the water in the stone 
freezes). Changes in the length of the stones when freezing were examined 
by dilatometry at various degrees of saturation. For limestone and granite, 
the only changes observed were purely thermal. For relatively saturated 
Gotland sandstone, on the other hand, a pronounced elongation was ob
served after freezing to below -5°C. At water saturation above 0.8, this 
elongation became permanent, which probably means that Skr is about 0.8. 
This, then, yields a higher Skr value than Young’s modulus measurement of 
corresponding specimens.
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Concrete frozen with an admixture of salt water shows the most exten
sive permanent damage at intermediary saline (NaCl) concentrations of 2- 
3%. Gotland sandstone also presented most damage in the form of exfolia
tion at salt concentrations of 0-5%. In-depth studies (Wessman 1994, 
1995) using two different salts, NaCl and Na2S04, and saline concentra
tions in the 0-4% interval, showed the greatest damage to occur at smaller 
concentrations (0.5-1.5%) where the Gotland sandstone was concerned. 
This applies mainly to the amount of material peeled off, but also to 
Young’s modulus loss. In the case of Öland limestone, extensive peeling 
was obtained at 2% NaCl, as well as heavy Young’s modulus loss. Na2S04 
also caused heavy peeling but less Young’s modulus loss. Pure water causes 
least peeling. Bohus granite displayed small material losses with both salts, 
but the sulphate inflicted a somewhat heavier loss. No Young’s modulus 
loss was observable for the granite.

The comparisons between expansion and peeling show that:

1. The limestone surface is more effectively peeled off with NaCl solution 
than the surface of Gotland sandstone. Where expansion is concerned, 
the reverse applies.

2. Gotland sandstone from different quarries displays somewhat varying 
resistance to physical interference. The Valar stone is most prone to 
peeling but shows less expansion (compared with Uddvide and Botvide). 
The best stone examined comes from a new test quarry north of Kättils- 
viken (Kviberg X).

The studies are continuing with investigations of the importance of clay 
minerals for length change and mechanical strength (in collaboration with 
IGG-SU) in the stone (Gotland sandstone, Öland limestone), characterisa
tion of pore size distribution, supplementary freezing experiments, studies 
of weathered and non-weathered stone and of consolidated, waterproofed 
and untreated stone. In addition, numeric modelling of the moisture bal
ance of the different types of stone is to be carried out under simulated 
natural conditions (Fagerlund 1995).
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Metal corrosion in a heritage 
management perspective
Jan Gullman

All metals except rare ones are thermodynamically unstable in pure air. In 
principle, all metallic objects are perishable in the very long term. When 
base metals react with substances in their surroundings, especially oxygen 
and water, the reactions take place at the surface of the metal. These reac
tions are collectively referred to as corrosion reactions. They result in the 
formation of corrosion products, by which we mean the readily soluble or 
insoluble compounds, both primary and secondary, which are formed with 
the metal. Primarily, corrosion processes cause metallic ions to form right 
next to the surface of the metal. Depending on the content of the corrosive 
environment, these metallic ions can appear in non-aqueous form, in a 
saline solution or, in the secondary instance, form insoluble compounds 
such as oxides, hydroxides, sulphides or hydroxide salts.

The speeds of corrosion attacks depend almost entirely on the kind of 
metal involved and on what is present in the environment surrounding the 
surface of the metal. The environment at the surface of the metal is often 
dominated by the effects of the formation of solid corrosion products on 
the surface. Metals which are serviceable for the manufacture of objects of 
different kinds, which have been created for the use or delight of human 
beings, do not have an excessively high corrosion rate. Usually that corro
sion rate is slow enough to give them a fairly long life in the chronological 
perspective intended for their use. In a chronological perspective exceeding 
the normal useful life, corrosive effects very often occur which are of such 
magnitude that extraordinary measures may have to be taken if the object 
is to be preserved.

In all periods of history, the rusting of iron has been viewed as a prob
lem. Pliny was even disposed to regard it as a punishment sent by the gods 
for iron, in its service of man, allowing itself to be used for such efficacious 
weapons. The other virtues of iron are such that it has been assiduously 
used, and still is used, in spite of this weakness. Iron, more often than not, 
presents a much more complex corrosion behaviour than most other met
als commonly used. The corrosion products on iron and steel are usually 
quite loose and porous. Not infrequently they consist of a mixture of insol-

135



uble and readily soluble compounds formed by reaction with substances 
such as sulphur dioxide in the air or common salt, from dust or airborne 
salt particles from a nearby sea, and so on. Some metals, such as zinc and 
copper alloys, form, in many environments, quite dense and thus relatively 
protective layers of solid corrosion products. Extremely dense and, in 
many environments, very protective thin corrosion product layers are 
formed on metals such as titanium, chromium and aluminium. Under oth
er conditions, no protective coatings are formed.

No attempt will be made here to cover all types of corrosive situations 
capable of occurring on ordinary metals. To the indications already given, 
however, should be added the rather distinctive problems often affecting 
silver surfaces in environments where there are gaseous compounds of sul
phur with the oxidation number -II, perhaps above all in the form of hy
drogen sulphide and, reportedly, carbonyl sulphide. It normally takes a 
very long time for silver corrosion to attain considerable depths, but as the 
corrosion product, silver sulphide, is black, even very superficial corrosion 
attacks are a cause of considerable disfigurement. Bearing in mind that 
silver is mostly used for decorative objects, this is clearly a serious corro
sion problem all the same.

Purely generally speaking, corrosion problems are usually tackled in one or 
more of three ways:

D changing the environment,
D giving the surface a protective coating, or
D substituting another material which is more tolerant of the environment.

For heritage management purposes, the third of these options is less appli
cable.

Under the Central Board’s programme of knowledge production con
cerning measures to counteract damage to and degradation of metallic her
itage objects, work has been made to concentrate on two environmental 
sectors: the indoor and outdoor atmosphere, and conditions prevailing in 
unexcavated archaeological remains in the soil. Up till now, the main em
phasis of R&D programmes has been on ascertaining solid facts on which 
to base the assessment of damage risks, and supportive documentation for 
estimating corrosion rates in long chronological perspectives and in differ
ent environments. Where metal sculptures are concerned, questions of aes
thetically appropriate and practical surface treatment and other necessary 
measures have also been addressed.

Work in the field of atmospheric corrosion has benefitted from Sweden 
having more active research in this field per capita than any other country. 
Similarly, co-operation has been firmly established since the 1970s be-

136



tween Sweden and the leading researchers in Prague, who have had a great 
deal of influence on developments in this field since the mid-1950s. Inter- 
Nordic co-operation—with Norway in this field—has also been extremely 
valuable. The working method therefore adopted for knowledge produc
tion in the field of atmospheric corrosion has been to divide tasks between 
centres of competence and, where possible, to contribute financially to
wards knowledge production projects which are also receiving financial 
support from industry. This working approach is in keeping with the gov
ernmental directives requiring national authorities to develop their capaci
ty for acting as good purchasers of relevant knowledge through R&D.

On the subject of material degradation in soil, a different approach has 
been adopted. True, firmly established competence exists in the field of 
corrosion of technical installations, such as pipelines, lead-sheathed elec
tric cables, iron piling etc., but it has been judged more appropriate for 
knowledge production to be developed by means of R&D mainly within 
the authority’s own framework. External competence has been engaged in 
the form of outside consultants associated with the project on a contract
ing basis. Most of the practical R&D work has been done by analytical 
chemists and metal conservators in collaboration with archaeologists, the 
latter working partly in the field.

For the management and follow-up of work, use is being made both of 
the working groups which have been established within the authority and 
of those which have been formed by outside R&D providers. Annual situ
ation reports and application procedures for continued funding have been 
prominent controlling instruments for the administration of R&D. Con
tacts between handling officers within the authority and the researchers 
doing the work are maintained continuously insofar as this is found to be 
suitable or justifiable. In this way continuous feedback is obtained on 
front-line developments.

Importance is also attached to handling officers, within the authority, 
obtaining hands-on contact with the environments and objects to which 
the questions refer. The handling officers within the authority therefore 
play an active part in the planning of work and also carry out field studies 
and evaluations of damage and remediation needs, together with relevant 
specialists in different fields. Importance is similarly attached to keeping in 
touch with heritage management representatives at county level. This pro
vides an antidote to the risk of reality being viewed exclusively in a desk or 
laboratory perspective.

Further details concerning the organisation of work within the various 
project fields and of the results obtained so far will be found in the chapters 
below.
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Outdoor corrosion
Jan Gullman

Research into aspects of atmospheric corrosion of metals in technological 
contexts has existed for a number of decades and has been mainly con
cerned with compiling knowledge for industrial needs, not least with re
gard to suitable materials and designs for various building structures. Re
search in this field has been pursued all over the world, but, ever since the 
end of the 1970s, a much bigger proportion of it has been conducted in 
Sweden than is commensurate with our country’s share of the industrial
ised world.

Sweden and the Czech Republic have been the prime movers in creating 
the ISO classification of the corrosiveness of atmospheres. That standard, 
ISO 9223, provides a good indication of corrosion rates in different envi
ronments for the ordinary metals used for technological purposes. The best 
coverage afforded by this standard concerns outdoor atmospheres. Its esti
mates for indoor atmospheres are very rough and ready. The reasons for 
this should become clear from the chapter below on metal corrosion in 
indoor atmospheres.

Normally speaking, the corrosiveness of an atmosphere is measured or 
estimated in relation to its effects on freely exposed test material. But the 
corrosiveness of an atmosphere can also be considered in relation to metals 
which, to a greater or lesser degree, are shielded from their surroundings 
by a shelter or a plain, unheated building with chinks in it.

At the beginning of the seven-year period now under consideration, and 
not least in the heritage management sector, great interest was being taken 
in questions concerning the effects of air pollution deposition on the detail
ing of buildings, both when flushed by rain and at points where pollutants 
may conceivably accumulate and eventually, therefore, cause high rates of 
corrosion.

To contribute towards the elucidation of such points, the Central Board 
of National Antiquities (RAÄ) has made grants towards a number of stud
ies of effects on carbon steel, zinc and copper, and also on Borghamn lime
stone and Gotland sandstone.

These studies were initiated by the then Swedish National Institute for
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Building Research and the Swedish Corrosion Institute. They carried out a 
comprehensive one-year gauging programme at various points on Stock
holm Palace. This programme also included recordings of meteorological 
parameters, a type of surface moisture recording (Wet-corr) and monthly 
measurements of average nitrogen dioxide and sulphur dioxide air pollu
tion levels.

By way of comparison, RAÄ extensively funded a similar, comparable 
study at St Vitus’ Cathedral, Prague. A limited study of the same kind was 
also conducted on the island of Gotland.

RAÄ has also funded a report from SVUOM concerning the aggregate 
know-how present in reports from earlier national studies and 
COMECON works concerning knowledge of outdoor corrosion in ex
posed and sheltered positions.

Reviews of the findings from these studies have revealed several facts of 
great importance for heritage management. The findings concerning ef
fects on stone are described above in the chapter on R&D on stone degra
dation, including a description of the focus and organisation of work. Ac
cordingly, our main concern here will be with effects on metallic materials.

The relations obtained between annual corrosion rates and annual aver
ages for carbon steel and zinc from the Swedish-Czechoslovak eight-year 
study (1978-1986) provide good estimates of results from most other stud
ies. Sometimes, where there are major deviations, deficiencies in some of 
the international studies cannot be discounted.

Thus the magnitude of the effect of sulphur dioxide on corrosion of 
freely exposed carbon steel and zinc has been amply investigated in the 
climatic zone corresponding to the region from Central Europe up to and 
including the southern half of Scandinavia.

Data also exists from an unpublished study by the Swedish Corrosion 
Institute of six years’ exposure of test panels in, respectively, open and 
sheltered positions in Stockholm. Results also exist from Czech exposure 
studies in environments with much heavier sulphur dioxide pollution than 
in present-day Sweden. These studies, together with the ones described 
here, have yielded findings which can be unambiguously interpreted.

The studies showed that, in slightly cleaner environments, with S02 
concentrations of abut 35 pg/m3 (the situation in Stockholm in about 
1980), constant and lower corrosion rates are obtained in sheltered posi
tions for up to six years.

In environments with S02 concentration of the order of 120-140 pg/m3, 
as in Northern Bohemia during the 1970s, a lower corrosion rate was ini
tially obtained in sheltered positions as compared with free exposure. A 
few years later, the corrosion rate of the sheltered test panels had increased 
considerably. As a result, corrosion attacks eventually became more severe 
in sheltered than in freely exposed positions.
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With the knowledge that has been built up, general estimates can be 
made of the life expectancy of soundly constructed iron, zinc and copper 
structures in terms of corrosion rates. Estimates of this kind are most easily 
made with the aid of the corrosivity classification standard ISO 9223. They 
should not, however, be implicitly accepted for all types of structure. Even 
quite small anomalies in the design of structural parts can accelerate corro
sion a good deal, especially where carbon steel is concerned. When a design 
results in parts of a steel structure being kept moist for long periods of 
time, the corrosion rates there will be many times greater than on free 
metal surfaces. Damage will then be especially serious in an atmosphere 
containing sulphur dioxide or salt spray.

Some of the most important results from the studies part-funded by 
RAÄ are shown in Tables 12, 13 and 14. As will be seen, one year’s free 
exposure of carbon steel at Stockholm Palace and in a field near Martebo 
Church produced an average corrosion of 12-13 pm on carbon steel and

Table 12. Deposition of SO, and concentration of N02, together with material 
degradation, on test materials of carbon steel, zinc, copper, Borghamn limestone 
and Gotland sandstone exposed for one year in various positions at Stockholm 
Palace. The positions were on faęades overlooking Slottsbacken, the Inner Court
yard, the north side of the Bernadotte Wing, the Outer Courtyard and a reference 
station on the roof between the Outer and Inner Courtyards. Heights above ground 
are given in metres. Points of the compass are shown as N and S. Free exposure is 
denoted f and partial protection from rainfall p. All test materials were exposed 
vertically a few cm out from the faęades, except at the reference station, where they 
were exposed at an angle of 45 degrees.

Site so2 NO, Steel Zinc Copper Limestone Sandstone

mg/rrAd pg/m3 Jim Jim Jim g/sample g/sample
1 Slottsbacken 20m f 3.8 5.9 0.18 0.49 -0.01

2 Slottsbacken 5m f 4.5 1 l.l 0.38 0.38 -0.07
3 Inner court/. 5m N f 1.9 15 8.7 0.31 0.43 -0.04
4 Inner court/. 5m N p 1.9 15 4.7 0.15 0.48 -0.02
5 Inner court/. 5m S f 1.7 14 6.1 0.14 0.38 -0.05
6 Inner court/. 5m S p 1.7 14 3.8 0.10 0.41 -0.02
7 Bern, wing 20m f 2.3 22 5.7 0.13 0.32 -0.02
8 Bern, wing 20m p 2.3 22 4.6 0.13 0.43 -0.02
9 Bern, wing 5m f 3.3 23 10.7 0.45 0.29 -0.06 -0.07
10 Bern, wing 20m f 3.3 23 5.9 0.22 0.30 -0.04 -0.03
1 1 Outer court/. 20m f 4.4 6.6 0.18 0.59 -0.02 0.01
12 Outer court/. 20m p 4.4 6.0 0.18 0.67 -0.01 0.01
13 Outer court/. 5m f 3.2 18 6.9 0.15 0.64 -0.01

14 Outer court/. 5m p 3.2 18 5.3 0.14 0.68 -0.01

15 Ref. roof free 3.3 16 12.6 0.85 0.73 -0.1 1 -0.1 1
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Table 13. S02 deposition, NO, concentration and material degradation on test 
materials of carbon steel, zinc, copper, limestone and Gotland sandstone after one 
year’s exposure in various positions on St Vitus’ Cathedral, Prague. The shelter for 
test materials marked -S was incomplete but more effective than at Stockholm Pal
ace. Test łnaterials marked -O were freely exposed on the faęade compared with 
other stations. At stations 1 and 4, reference materials were also exposed at an 
angle of 45 degrees; bs denotes exposure on both sides and os corrosion measure
ment on the top side only. MB means that observations were made with a Steven
son screen. The first initial stands for the point of the compass and the second for a 
point of the compass or R as in reference; SE, for example, stands for southeast.

Site
mg/i

so2
m2-d

no2
Hg/m3

Steel
Jim

Zinc
|im

Copper
Jim

Limestone
g/sample

Sandstone
g/sample

1 SR-O bs 35 36 36.8 1.9 0.7 -0.24 -0.21
1 SR-O os 35 36 31.6 2.5 0.8
1 S-MB 23 37
2SS-0 25 29.8 1,8 0.3 -0.10 -0.15
2SS-S 21 18.0 1.5 0.5 0.02 0.02
3 SE-O 34 25.0 2.2 0.4
3 SE-S 37 17.6 1.8 0.4
4 NR-O 43 36
5 NN-O 29 27.4 2.0 l.l 0.00 0.01
5 NN-S 28 21.0 2.0 0.9 0.03 0.03
6 NE-O 29 24.5 2.0 0.7
6 NE-S 25 17.1 1.8 0.6

Table 14. S02 deposition, NO, concentration and material degradation on test 
materials of carbon steel, zinc, limestone and Gotland sandstone after one year’s 
exposure in various positions at three points on the island of Gotland. Exposure at 
the Martebo reference station was free, at a 45 degree angle. Other freely exposed 
specimens were exposed as in Stockholm and Prague. Sheltered specimens were 
mounted so as to give complete protection from rainfall.

Site so2 no2 Steel Zinc Limestone Sandstone
mg/m2-d pg/m3 Jim Jlim g/sample g/sample

Martebo ref 10 8 12.1 0.85 -0.06 -0.07
Martebo open 6 7 1 l.l 0.77 -0.03 -0.04
Martebo r pr 6 7 5.9 0.57 -0.01
S:t Drotten op 8 15 11.3 0.59 -0.03 -0.01
S:t Drotten rp 8 15 7.8 0.86 -0.003 0.01

S:ta Maria op 8 15 10.4 1.26 -0.01 0.01
S:ta Maria rp 8 15 6.1 0.73 0.005 0.00
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0.85 |nm on zinc. The corresponding figures for St Vitus’ Cathedral were 37 
and 1.9 pm respectively.

In sheltered positions, corrosion rates were consistently of the same or
der of magnitude or less, except in a few cases involving zinc. These excep
tions, however, present only insignificantly higher figures.

The figures for copper will not be gone into any more closely on this 
occasion. It takes some years for copper and carbon steel to form a surface 
layer of “mature” corrosion products. Copper corrosion data after only a 
year’s exposure contain influences of various kinds, and so one should 
avoid drawing excessively far-reaching conclusions from them. This is well 
known from international exposure studies (e.g. Mach, personal informa
tion).

The results obtained illustrate a decline of corrosion rates in Sweden 
during the past few decades, due to the heavy reduction of sulphur dioxide 
air pollution. About 15 years ago, the air pollution situation in the centre 
of Stockholm was quite similar to that now prevailing in the surroundings 
of St Vitus’ Cathedral when the measurements described here were taken.

In the present material, there are no indications of nitrogen oxides hav
ing any significant accelerating effect on corrosion rates in the metals stud
ied. Thus there would not seem to be any urgent need for comprehensive 
further studies of the effects of dry and wet depositions on metal corrosion 
out of doors.

We are therefore entitled to conclude that present-day sulphur dioxide 
pollution levels in Swedish urban communities (approx. 5 pg/m3) do not 
imply any major risk of elevated corrosion attacks on carbon steel (iron) or 
zinc in sheltered positions.

On the other hand there are palpable risks of elevated corrosion rates in 
sheltered positions close to exposed coastlines, where sea drift is carried 
some kilometres inland by the winds. This is evident from a study in Bo
huslän, published by the present writer.

There are still a number of open questions in this field, above all regard
ing corrosion attacks in the long-term perspective and the effects of build
ing design and material qualities. It has long been widely supposed that old 
iron corrodes less than the iron manufactured nowadays. The same is 
heard concerning old copper and modern electrolytic copper.

Information of this kind may emanate from the misinterpretation of 
observations during the period when sulphur dioxide concentrations were 
heavy in Swedish urban communities. On the other hand, other explana
tions may be possible. These questions should be cleared up by means of a 
comparative field exposure of test materials of old Lancashire iron and 
modern sheet iron.

The R&D on corrosion proofing of historic buildings should therefore 
in further work be concentrated on building up the fund of knowledge
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within heritage management concerning the efficacy and applicability of 
traditional and modern methods of conservation, and similarly ways of 
avoiding the in-building of unnecessary corrosion risks in the design of 
structures and the selection of materials for restorations and reconstruc
tions. Advanced knowledge of these matters exists in the field of techno
logical corrosion science.

The importance of different factors can be appropriately illustrated by 
compiling distinct examples of good and bad structures. These examples 
should be taken from historic structures and repairs to historic buildings.
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Indoor corrosion
Jan Gullman

Indoor storage has long been regarded as a safe way of keeping equipment 
and artifacts, and in the short-term perspective this is usually the case. In a 
long-term perspective, however, even fairly slow corrosion can cause very 
extensive damage, not least to artifacts to which a high surface finish is 
required, e.g. a silver object with a polished surface. In the case of an ar
chaeological iron artifact with a rough surface, however, one sometimes 
has to accept a corrosion rate which is 100 times higher.

Indoor climates differ a great deal in character and indoor corrosion has 
been investigated far less than the outdoor variety. There is, however, a 
great deal of general knowledge. Big differences are seen between artefacts 
stored in basements, woodsheds in unheated buildings with thick stone 
walls and in heated indoor environments. Indoors, the objects are protect
ed from precipitation and dew, but in simple, draughty houses (especially if 
they are built of timber or sheet metal), severe weather fluctuations can 
produce condensation. It is well known, for example, that short-lived ex
tremes of damp or contamination can initiate severe corrosion attacks 
which can then be propagated even under less extreme conditions. Then 
again, some metals are more sensitive than others to varying environmen
tal factors, and the state of an artefact depends, not only on temperature 
and damp, but also on how it is looked after. Preservation conditions could 
be drastically improved if dust and corrosion attacks are regularly re
moved, and also some form of corrosion protection is applied, the greasing 
of iron objects being the simplest example.

Indoor corrosion of metals is not only a heritage conservation problem. 
It is just as much of a problem for some industries, electronics and preci
sion engineering not least, and so collaboration with industry has been 
judged an appropriate strategy in this field. Most industrial products have 
estimated useful lives of, at most, a few decades, whereas heritage conser
vation interests as a rule are of a much more long-term nature. Our fund
ing of research in this field has therefore been made to concentrate on 
points of common interest with industry: metals occurring in the heritage 
context, viewed in more long-term perspectives.
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Pilot study
In a pilot study we have chosen to co-operate with the Swedish Corrosion 
Institute, the SVUOM research institute in Prague and the Royal Institute 
of Technology, Stockholm, as well as the NILU research institute in Nor
way, the purpose of the study being to evolve methods for assessing the 
effect of indoor environments on metal objects and ways in which condi
tions can be improved if necessary.

The experimental work is based on field exposures of test materials of 
carbon steel, zinc, copper, silver and nickel. The results of the measure
ments are being compared and conclusions drawn regarding the relevance 
and congruence of the methods. Metals have been selected so as to reflect 
the impact of the corrosive factors affecting different metals in different 
ways. Two years’ corrosion has been investigated in selected indoor envi
ronments in a pilot study aimed at selecting experimental methodology for 
a definitive and more comprehensive exposure study at several field sta
tions. The Bernadotte Library at Stockholm Palace, St Vitus’ Cathedral in 
Prague and a military depot in Central Sweden are the exposure sites cho
sen for initial study. At these exposure sites, concentrations and deposition 
rates of a number of air contaminants have been measured on chemically 
reactive surfaces. The various kinds of data have been collected in very 
large quantities, and only a few examples will be given here.

Tables 15 and 16 show the development of corrosion over time on cop
per and silver, while Table 17 gives levels for certain harmful substances. 
One hundred Ångström may not sound much, but the silver specimens 
from Stockholm Palace nevertheless presented sharp red and violet colour
ing after the two years’ exposure. The figures in Table 18 show what is 
deposited in different environments, but they also show that the different 
metals react differently to individual substances in their surroundings. The 
figures only represent what was deposited at the beginning of the exposure, 
and so one should not draw excessively far-reaching conclusions regarding 
subsequent corrosion. Then again, XPS measurements only record condi
tions on the very outermost atomic layer of the surface.

One clearly selective tendency in these metals, with regard to the impact 
of different pollutants, is that sulphide is only observed on silver. Another 
selectivity is evident from the fact that carboxylate carbon is observed in 
large quantities at all stations, but only about half as much on silver as on 
the other metals. The properties of silver-reactive to hydrogen sulphide but 
noble compared with the other metals, as regards reactions with weak ac
ids like carboxylic acids—are amply illustrated by the measurements ob
tained, as are the differing environmental characteristics of the test sites.

At the time of the pilot study, there was no reliable method of quantita
tively analysing low concentrations of organic acids in air. Consequently,
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the concentrations of such acids and volatile aldehydes (which can oxidate 
to acids in contact with corrosive metal surfaces) could not be directly 
studied in the various environments. Attempts have been made, however, 
to measure concentrations of formic acid and acetic acid in the Bernadotte 
Library and St Vitus’ Cathedral, using a method devised by NILU. Corro
sion problems in indoor environments due to organic acids are not in 
themselves an unknown phenomenon. The affects of formaldehyde, partly 
from chipboard, and acetic acid, partly from certain types of wood, have 
been well known for a long time. This has applied to everything from the

Table 15. Copper corrosion in A, determined by galvanostatic reduction.

Exposure time 
(months)

Stockholm
Palace

Military
depot

St Vitus’
Cathedral

3 60 140 120
6 70 170 120
12 90 270 220
24 - 460 304

Table 16. Silver corrosion in Å, determined by galvanostatic reduction.

Exposure time Stockholm Military St Vitus’
(months) Palace depot Cathedral

3 40 50 60
6 70 80 140
12 90 160 440
24 - 290 790

Table 17. Mean value of gas deposition in pg/m2, measured with the aid of a passive 
sampler and relative humidity.

Gas Stockholm
Palace

Military
depot

St Vitus’
Cathedral

so2 0.06 0.14 1.5
no2 1.5 1.2 6.9
nh3 0.44 0.28 1.7
h2s 0.06 0.07 0.55

RH % <50 60-90 60-90
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Table 18. Results of XPS measurements on the surfaces of metal samples exposed 
three months at Stockholm Palace, St Vitus’ Cathedral and a military depot. The 
results show the percentage surface concentration of the substances by atomic weight. 
“Cox” denotes carbon chemically bound to oxygen in combinations having the 
kind of chemical bonding present in carboxylates and carbonates. Other designa
tions are the conventional ones, standing for chloride, sulphate, nitrate, ammonia 
and sulphide.

Sample metal Surface
deposit

Stockholm
Palace

Military
depot

St Vitus’ 
Cathedral

Copper Cox 10 10 14
Cl 0.5 0.4 1.2
so42- - 0.3 0.6
no3- - 1 1
nh/ - 0.4 0.8

Nickel Cox 13 14 11
Cl - 0.8 1.5
so/' - 1.4 1
NOj- - 1 0.9
NH/ - 0.6 1

Zink Cox 8.5 10 13
ci- 0.2 0.9 0.3
so/- - 2 0.8
NH/ - 0.6 0.6

Silver Cox 3 5 5
ci- 0.8 1.8 1.5
so/- - 2.8 3.7
NH/ 0.4 2.4 1.2
s2- 2 5.6 3.8

choice of wood for clock cases to experience of different types of wood in 
packing crates for museum collections during the Second World War. The 
question has also been studied through corrosion experiments, not least in 
Prague during the 1960s.

In addition to unexpected information about potentially harmful or
ganic acids, the initial exposure yielded valuable data concerning different 
methods for quantifying slow corrosion attacks. In addition, quantitative 
data were obtained for corrosion effects on surfaces which are not cleaned 
but which were clean to begin with.
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Exposure tests on a larger scale
The main test project at about 40 indoor stations was begun by the Swedish 
Corrosion Institute during the first half of 1995, using a strategy based on 
experience from the pilot exposure. This time, material is being exposed in 
three settings of historic interest in Sweden: A timber building at Olofsfors 
Bruk, the Linnaeus Museum in Uppsala and a former chemical laboratory at 
an ironworks in Uppland. Two stations at historic sites are located at the 
Hradschin in Prague. The other stations in the study have industrial or military 
connections. One of the main purposes of this concluding experimentation is 
for the results to form the basis of an international classification standard for 
the corrosivity (i.e. tendency to cause corrosion) of indoor environments. It is 
hoped that this will be accepted as an ISO standard for the outdoor environ
ment supplementing that mentioned in the chapter above.

Studies of museum storage facilities
A study of conditions in museum stores has also been carried out within 
the RAÄ. In the course of it, museums have been visited and a large 
number of data recorded concerning the size of storage facilities and their 
estimated quality from a preservation viewpoint. The results now exist in 
the form of a report and a database. It should be mentioned, however, that 
the temperature and humidity data in this survey refer to individual obser
vations at the time of inspection. The greatest value of the inventory, there
fore, probably consists in the total extent of museum storage facilities in 
Sweden and the experience-based assessments which have been made con
cerning the need for improvements.

Current conclusions
The results of the exposures confirm many known effects but also point to 
a number of conditions not known previously, foremost among them for 
present purposes being the unexpected heavy deposition of organic acids 
on all metals but silver, which suggests that these acids can cause signifi
cant corrosion in many indoor environments. Another important concern 
in this study is to judge the extent to which corrosion is stimulated by dust 
and other surface deposits. This work includes the experimental collection 
of deposited dust. Among other things, the quantity of salt-forming sub
stances is being studied. In addition to chemical analysis, pH and electrical 
conductivity are being measured in closely defined aqueous solutions of the 
deposited material.

The Getty Conservation Institute, quite independently of our survey, has 
made a study of indoor conditions in museums, investigating airborne parti-
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des and their deposition on surfaces, together with the result of this deposi
tion in the form of grime. Contamination of white surfaces is being measured 
as the degree of blackening. A mathematical model of particle incidence has 
been built up on the basis of air exchange and filtration in the ventilation 
system. This model has yielded good agreement with observed values. Black
ening results from the deposition of soot particles, which are also likely to 
occur in the environments in the study part-funded by the RAÄ.

Many publications contain recurrent particulars of air contaminants 
which are harmful to metallic objects. Particulars are lacking, on the other 
hand, concerning the concentrations entailing palpable risks or augmenta
tions of risk. The gathering of knowledge concerning these matters takes a 
long time and is very expensive, added to which, it has not previously been 
possible to co-ordinate the competencies which this work demands. Our 
involvement from the beginning of the project played an important part in 
getting it started, so that sufficient interest could be aroused on the part of 
more part-financiers.

Reports from SVUOM show that the rate of corrosion often accelerates 
with the passing of time, because the amount of corrosion stimulators de
posited on the surface keeps increasing. This can mean that a fairly negligi
ble corrosion attack is obtained during brief exposure but that significant 
corrosion is obtained subsequently. In some cases, then, a certain length of 
time is needed to build up the corrosion-stimulating layer of grime required 
in order for the corrosion process to get started.

Information of this kind is extremely important for the assessment of 
practical test methods for the corrosiveness of indoor environments, for 
example, so as to avoid making the test period too short. But the value of 
such knowledge is even greater. The increased opportunities for studying 
such effects should be capable of providing the basis for studies of corro
sion rates in connection with simple cleaning and dusting. Studies of this 
kind could make it possible to compare the corrosion-inhibiting effect of 
wiping with the wear and tear which wiping entails. No such studies are 
planned at present, however. In extreme long-term perspectives, environ
mental impacts of this kind need to be carefully considered.

This knowledge should lead to a healthy scepticism regarding the per
fection of commercial methods purporting to solve all the problems in this 
field. Above all, it should result in such methods being evaluated in a rele
vant manner, so that more justice can be done to their merits. The result, in 
the form of a draft definitive testing method, is expected to appear in 1998. 
Work in future should be supplemented by comparisons of the status of 
artefacts which have been stored under known conditions for a very long 
time. Their status needs to be compared with the results of tests of their 
surroundings, using the methodology which is now being developed.
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Sculptures of bronze and 
other metals
Mille Törnblom

Background
In the mid-1980s it was feared that the effects of air pollution on tradition
al materials—statue bronze, for example—were of such disastrous propor
tions that objects in outdoor surroundings were being subjected to very 
swift degradation. Funding was therefore set aside for repairing damaged 
sculptures and for investigating whether the effects on outdoor sculptures 
of metal were of such character and extent as to justify a major remedial 
programme.

Since 1989, the Conservation Institute of National Antiquities (RIK) 
and its associates have been engaged in research aimed at identifying the 
causes and extent of damage to the heritage. So far this Metals Project has 
focused mainly on bronze sculptures; this work ended with the presenta
tion of a final report in 1994. Some attention has also been devoted to 
other sculpture metals such as cast iron, zinc and lead, and reports on these 
other materials are currently in preparation.

Because sculptures are works of art, measures of care and maintenance 
are not simply a matter of protecting the material from degradation and 
safeguarding functional efficiency, as is the case with technical structures. 
Aesthetic and art-historical aspects are also involved, and considerations 
of this kind have a decisive influence on the forms of action permissible. It 
is of the utmost importance to the corrosion specialist, the technician, the 
conservator and the restorer to know the viewpoints of art history, anti
quarian and aesthetic experts as to what a sculpture should look like and 
why. These viewpoints invariably have priority over all technical aspects 
when practical measures are being decided on. Accordingly, ethical and 
aesthetical discussions are a highly essential part of the development proc
ess, and an essential stage in the choice of methods and materials to be 
included in the tests entailed by research.

It is a documented fact that atmospheric corrosion of bronzes outdoors 
was already being observed and regarded as a problem in Germany during 
the 1860s. This was because it had been noticed that bronze sculptures in 
certain urban communities were changing in appearance. In 1863 a Patina
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Commission was set up in Berlin to study the increasing contamination of 
bronze monuments. In 1864 an investigation report was presented on var
ious bronze objects in Munich, Augsburg and Berlin which, in just a few 
years, had turned from green to black. A project for cleaning and protect
ing bronzes with a wax coating was completed in 1872.

The impact of air contaminants on patina formation on copper alloys 
does not seem to have received any further attention in scientific or techni
cal literature until the beginning of the 1930s, when W.H.J. Vernon and L. 
Whitby published a series of articles presenting the results of examinations 
of patina formed on copper alloys in an outdoor environment. J.R. Get- 
tens’ study of patina on bronze sculpture in the USA was published at 
about the same time.

There is much evidence to show that outdoor bronzes in surroundings 
where there were no polluting emissions, such as soot and sulphur com
pounds, never developed a green patina but simply darkened to a brown or 
black patina. Even today, in urban surroundings, the development of a 
green patina on unpatinated statue bronze and other copper alloys takes a 
considerable length of time, between 10 and 30 years, depending on the 
amount of pollution.

Since the beginning of the 1970s, following a lapse of more than a hun
dred years, disruptive patination has again begun to attract attention and, in 
the USA, for example, certain maintenance measures have been devoted to 
sculpture which has undergone aesthetic changes and studies have been 
made of methods of cleaning and surface treatment in connection with con
servation. In Germany at the beginning of the 1970s, the Doerner Institute 
carried out an extensive study of German bronze sculpture, its material com
position and condition. In connection with that study, a comprehensive test 
programme was carried out on specimen bronze castings, with and without 
patination, surface-treated with various coatings of wax, oil, grease and var
nish. The test panels were exposed outdoors in an environment with known 
concentrations of pollutants. The study led to the conclusion that regular 
maintenance with dirt removal and waxing or oiling is the best way of pre
serving outdoor sculpture. Several schools on the subject of restoring bronze 
outdoor sculptures first saw the light of day in the 1980s. Usually, however, 
those schools pay little regard to the technical possibilities and preconditions 
of care and maintenance but are concerned with questions of ethics and aes
thetics, often, unfortunately, without the necessary background knowledge 
of basic materials science and technology.

One fundamental difficulty connected with the improvement of condi
tions in the conservation field is that conservators, art experts, materials 
chemists, technicians and traditional craftsmen all have very different ways 
of looking at things. As a result, very different interpretations can some
times be put on objective, direct observations, owing to differences in
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frames of reference. Those in charge of the project regard these difficulties, 
not as an embarrassment to be avoided but as central core issues which can 
only be tackled head on. In the work which will now be described, an 
effort has been made to achieve constructive partnership between different 
competencies.

Aims
The overriding aim of the project has been to make it possible for owners 
of public sculptures to give them adequate care and maintenance. Work 
under the project was made to focus on four partial objectives, viz:

1. Investigating how harmful air pollution is to the material in the instanc
es and environments studied.

2. Devising methods for ascertaining whether and if so to what extent a 
metal sculpture has been damaged.

3. Investigating the suitability of existing methods of restoration.
4. Testing serviceable materials for the conservation, maintenance and cor

rosion-proofing of metal sculptures in the outdoor environment.

Corrosion attacks on bronze sculpture
Copper alloys, like copper, zinc and lead for example, belong to the catego
ry of “salt-passive” metals. Under many outdoor conditions, these metals 
acquire a coating of insoluble corrosion products. These products, which 
are dense and to a great extent consist of basic salts, have the effect of 
partly corrosion-proofing the underlying metallic surface. This means that 
the atmospheric corrosion rates of zinc and copper-rich copper alloys are 
roughly the same in an atmosphere where concentrations of harmful gas 
are not extremely high, even though atmospheric corrosion is an electro
chemical process and zinc is a much baser metal than copper.

Statue bronzes, then, are fairly corrosion-resistant alloys. The average 
corrosion rate on unprotected surfaces is in the region of a few tenths of a 
micrometer per annum in clean and moderately polluted atmospheres. 
This property on the part of the bronze, coupled with its good pourability, 
is probably one of the main reasons for its longstanding popularity for the 
casting of outdoor sculptures.

The main copper corrosion products formed on bronze surfaces out
doors are copper oxide, brochantite and antlerite. In environments where 
chlorides are dispersed in the air, atacamite and paratacamite also occur. 
Corrosion products of zinc as an alloying element in statue bronze appear 
mainly to change into soluble compounds and to leach out of the solid 
corrosion products, which remain on the corroded surface of the material.
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In corrosion, the tin contained by bronze forms an aqueous amorphous tin 
oxide. Being amorphous, it cannot be detected by X-ray diffraction analy
sis and is therefore seldom reported as a constituent of corrosion products. 
The porous layer of tin oxide contains solid corrosion products of copper. 
Solid corrosion products of lead are reported less frequently from studies 
of corroded bronze statues, probably because the lead in the alloys is not 
present in a solid solution but is scattered in the alloy, encapsulated in the 
form of small globules of lead.

Corrosion products also include other substances besides those men
tioned above, but in comparatively small quantities. There is evidence of 
substantial quantities of salts of organic acids. It is not known to what 
extent corrosion processes are in practice affected by the organic acids re
ceived from the environment.

Green colouring in the patina of bronze sculpture is due to the occur
rence of basic copper (II) salts, such as brochantite, antlerite or atacamite. 
It is less easy to give a firm explanation for the dark, almost black colour 
which frequently occurs. This may possibly be due to particle size effects, 
because analysis of a dark patina of this kind shows it mainly to consist of 
the basic copper salts which give rise to the colour green. To this, however, 
it may be objected that, in the analyses performed, methods were used 
which, for example, do not detect soot, which may be another reason for 
parts of the patina being black. Because the basic copper salts have a cer
tain solubility, one should be careful about speaking in terms of “original” 
or “historic” patina. Patina develops and changes continuously with the 
passing of time, and so it is probably very rare for old bronze sculptures to 
retain any original, unchanged patina (Fig. 53).

Hitherto it has been assumed that the copper alloys have been exposed 
without any surface coating. Clearly, different conditions prevail in situa
tions where there is an organic coating which is maintained on the surface. 
Waxed sculptures in a good state of maintenance have not been studied 
more closely in the present work. They are quite few in number compared 
with sculptures which have been partly or wholly neglected. Some out
standingly beautiful examples of well-cared-for sculpture are to be seen in 
the Luxembourg Gardens in Paris, where a number of sculptures by Mail
lol have been cared for continuously since at least the 1940s. They present 
smooth surfaces with a high polish, in shades of green and brown (Fig. 54). 
In Sweden there are examples privately owned by the sculptor Liss Eriks
son.

In the absence of good documentation (at least, readily available good 
documentation) concerning the care given to sculptures in earlier times, it 
is often hard to draw conclusions about the reason for their present condi
tion. The sculptures by Adrian de Vries standing in the gardens of Drot
tningholm Palace present almost astonishingly little corrosion after having
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Fig. 53. Sculpture by Carl Eldb 
in Stockholm. This sculpture has 
never been cared for. Photo Mille 
Törnblom.

Fig. 54. Sculpture by Maillol in 
Paris. This sculpture has been 
continuously cared for by wash
ing and waxing. Photo Mille 
Törnblom.
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stood outdoors ever since the 17th century. A rough estimate of the magni
tude of corrosion attacks in 350 years, assuming a corrosion rate of 0.5 
pm/year, which is more or less the corrosion rate in a rural atmosphere, 
gives 0.175 millimetres. A fairly steady erosion of the order of 0.2 mm is 
not incompatible with observations which can now be made on the de 
Vries bronzes at Drottningholm.

The sculptures receiving special attention in this project are those pre
senting more or less extensive corrosion attacks on the surface. The most 
corroded sculptures, of which we made an extra close study, are in the 
grounds of Nationalmuseum, Stockholm. They are between 100 and 130 
years old and for a great deal of this time were exposed to smoke from 
steamboats. Before restoration they presented the typical appearance 
shared by many bronze sculptures in Central European locations with 
heavy atmospheric concentrations of sulphur dioxide. This type of envi
ronment causes substantial local corrosion attacks in the form of small 
green recesses in a mainly dark surface. Other sculptures of similar age, in 
other parts of Stockholm, are for the most part a good deal less corroded.

Beeswax, traditionally applied to bronze sculpture, apparently gives the 
underlying metal substantial protection from corrosion. Regular mainte
nance in the form of washing and re-waxing, moreover, seems to counter
act the occurrence of many undesirable pronounced differences in patina- 
tion appearance otherwise caused by the shape of sculptures, with runoff 
channels and with some areas more or less protected from rain than others. 
The results of the examination of the sculpture entitled The Contenders 
(Bältesspännarna, 1867) suggests that the crazing pattern may have result
ed from local corrosion attacks, beginning in the zones where an organic 
surface coating was first broken down. The presumed coating was proba
bly wax, varnish or suchlike, applied after patination.

Certain studies of corrosion processes and of cleaning and surface treat
ment methods have been commissioned from the Swedish Corrosion Insti
tute and the Chalmers Institute of Technology.

The Corrosion Institute study showed the cleaning of a corroded metal 
surface to involve metal removal, in the sense of the surface being stripped 
of metal converted into patina. If cleaning is carried out properly, no ap
preciable further removal of the remaining material need happen. Blasting 
has proved especially suitable as a means of achieving controlled partial 
cleaning where it is not the intention to remove all patina. Patination on a 
pure metallic surface always consumes parent material, even if a great deal 
of the patina is added in the form of copper salts. The extent of metal 
removal was of the same order as between 2 and 5 years’ outdoor exposure 
of unprotected bronze. A rawness or chasing of the surface does not appear 
to have had any substantial effect on the subsequent course. Exposure of 
bronze specimens with different surface treatments, which began at three
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field stations in 1992, is expected to lead to conclusions regarding the du
rability of surface treatments and corrosion rates in ordinary outdoor sur
roundings. Exposure will continue until 2000.

Studies at the Chalmers Institute of Technology (CTH) of the effect of 
hostile gases on bronze material with and without surface treatments, and 
at RIK of the structure and composition of patina, have shown the patina 
to consist mainly of copper compounds formed by reaction with S02, 
probably in conjunction with N02. The patina is mainly a product of air 
pollution. The CTH study has also shown that a patinated surface is reac
tive to hostile gases. The results show that bronze corrosion is stimulated 
both by sulphur dioxide and by nitrogen dioxide. One finds that a patina 
without any organic coating (e.g. of wax) is relatively reactive as regards 
uptake of hostile gases. Beeswax treatment can be expected to reduce su
perficial S02 uptake substantially.

Studies in connection with the cleaning of sculptures have shown that 
there is no demonstrable direct connection between the spread of patina 
disfigurement and damage to the underlying metal, but it is to some extent 
possible, through external inspection, to judge whether damage is to be 
feared. Investigations of cleaning methods and patinations at the Swedish 
Corrosion Institute, coupled with experience of the practical remediation 
work, have led to the conclusion that the traditional materials and meth
ods of care and restoration are no worse than other anti-corrosion treat
ments and are better than these from the viewpoints of art history, ethics 
and aesthetics.

The causes of corrosion damage to bronze sculpture can be briefly sum
marised as follows:

□ The reason for corrosion of bronze sculptures being observed as a po
tentially serious problem is that bronze in an environment polluted by 
sulphur dioxide acquires a patina of heavily contrasting dark and green 
zones in different parts of the sculpture.

□ Unwaxed bronze sculptures have an average corrosion rate of the order 
of a few tenths of a pm annually in clean or moderately S02-polluted air. 
With heavier pollution, the average corrosion rate is likely to be of the 
order of a few micrometres annually. In this latter case, however, the 
attack apparently is more uneven, so that local attacks can exceed this 
value several times over. In the course of a century, consequently, pits 
may develop which are anything up to several tenths of a millimetre in 
depth.

□ Bronze sculptures cared for in the traditional manner, which includes 
continuous waxing, are likely to survive for a very long time in outdoor 
environments where pollution is not extreme.
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Care and restoration
During this project, the practical care and restoration of bronze sculpture 
in outdoor surroundings was all the time the main topic of inquiry. Work 
under the project involved inspecting a large number of bronze sculptures 
in various parts of Europe and the USA. Altogether about 150 sculptures 
were closely inspected in Sweden (in Stockholm, Göteborg, Sundsvall, 
Drottningholm, Uppsala, Visby, Kiruna and various sites in different parts 
of the country), about 50 were generally inspected in Oslo, about 20 in 
London, about 50 in Paris and the same number in Munich, Augsburg and 
Prague. Single objects were also examined in several other European cities. 
In Baltimore, USA, a more general study was made of a number of sculp
tures. Closer studies were made of nine objects restored in Stockholm and 
of 15 sculptures in Göteborg which were analysed in detail with regard to 
their condition and the composition of corrosion products.

The problem of maintenance and restoration can be divided up into the 
following three sub-problems:

1. The state of the sculpture.
2. Ethical and aesthetic conditions.
3. Technical solutions.

The commonest reason given for remedial action is that an ugly patina has 
developed. Usually this means green and black surfaces and green streaks, 
which distort the plasticity of the sculpture and create patches of light and 
shade where the form of the sculpture says they ought not to exist.

The studies made of Swedish objects have shown that there is no 
straightforward connection between the extent of green zones and other 
corrosion damage to the underlying metal. Corrosion attacks in the form 
of etched grooves in the metal can occur on sculptures which for a long 
time have presented green streaks in an atmosphere heavily contaminated 
with sulphur dioxide. On the other hand there are instances of more recent 
sculpture which after only 40 years has the same extent of green streaks on 
a black ground but without the metal being visibly corroded. The observa
tions which have been made show that an unsightly coating of corrosion 
products is no proof of corrosion damage having occurred. Observations 
of a distinct relief on the surface in the form of green pitting or black pro
tuberances on green surfaces, however, do indicate that the corrosion at
tacks have been relatively extensive and have damaged the surface struc
ture.

The prime question in any restoration exercise is the result intended. All 
care and restoration needs come as a result of neglected maintenance. In 
care and restoration, apart from deciding on technical measures, one has to 
decide, on the basis of an ethical and aesthetic standpoint, what the end
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result is to look like. There are two main orthodoxies in restoration. One 
school advocates fidelity to the object, which means that no changes are to 
be made to the corrosion products or to the sculpture otherwise. The sculp
ture is to be frozen in the state it happens to be at the time of restoration. 
This applies above all to its outward form and colour. The other school 
maintains that the aim of restoration must be to fulfil the artist’s intentions 
when the work was originally created.

In order for an ethical-aesthetic discussion of this kind to be conducted 
as fruitfully as possible, a restoration working group was set up, consisting 
of an art historian, a conservator, an art founder, a sculptor, a chemist and 
a materials technologist. A patinator also joined the group when needed. In 
all restoration work, it is recommended that a moderately sized working 
group of this kind should be set up. An adequate basis for deciding meas
ures catering to most aspects of the problem can then be obtained when the 
restoration is carried out. The practical working procedure and the materi
als to be used are normally the least controversial topics once the state of 
the sculpture has been appraised and the ethical and aesthetic requirements 
formulated. Having come this far, one’s options are usually very limited.

From the investigations and restoration work carried out, it is conclud
ed that the majority of outdoor bronzes, whatever they may look like, are 
not seriously damaged or in need of extensive restoration. On the other 
hand, virtually all the objects inspected are in a state of neglect. With very 
few exceptions, they have never been cleaned since they were put up. With
out maintenance, it is to be expected that these sculptures will eventually 
incur damage which can be expensive to repair.

It cannot be said often enough that outdoor art needs looking after. 
Regular washing with water, a gentle detergent and soft brushes. Organic 
solvents are only to be used when absolutely necessary, e.g. for graffiti 
removal. Any restoration work which has to be done must be kept to a 
minimum. Mechanical cleaning must always be done by professionals, pri
marily by art founders and chasers, repatination must always be done by a 
professional patinator. It has to be remembered that every sculpture is an 
individual work of art, to be assessed and treated on its own terms. There 
are no universal remedies if sculptures are to be treated like works of art 
and not like cars or other consumer durables.

Sculptures of cast iron, zinc and lead
Sculptures of these materials are a good deal less common than sculptures of 
copper alloys, mainly for aesthetic but also for technical reasons. The casting 
of iron in more complicated shapes did not become really common until the 
second half of the 19th century, while zinc-casting did not become very wide
spread until towards the end of that century and really only lasted for a few
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decades round about 1900. Lead founding, on the other hand, has existed 
since ancient times, but the character and technical properties of this materi
al have greatly restricted its use for monumental works, though Sweden has 
a good deal of valuable, architectural lead sculpture from the Baroque.

One thing common to all three of these materials is that they never 
represent themselves as materials but are always substituted for something 
more valuable, such as marble, sandstone or bronze. These base materials, 
consequently, are always either painted or, as in the case of some zinc 
sculptures, given a thin surface coating of copper patinated in the same 
way as bronze sculpture. The corrosion properties of these three metals are 
well known and can be studied in the ordinary literature on corrosion.

Iron is a material which corrodes readily and is sensitive to damp and 
various atmospheric impurities. In connection with restoration work, a 
number of observations have been made which have a bearing on damage 
assessment, and remediation plans drawn up, which are closely in line with 
known facts concerning the corrosion properties of this material. Cast iron 
sculptures nearly always consist of several parts joined together with pins 
and with nuts and bolts. After assembly, the sculpture has been painted with 
linseed oil paint. Originally there was no conscious rust-proofing. In connec
tion with subsequent maintenance, i.e. repainting, modern rust-inhibiting 
paints and finishing paints have been introduced, with the result that the 
sculptures are often covered by very thick layers of various types of paint.

Corrosion damage is usually found in crevices between assembled parts 
and in undrained pockets in the structure where dirt and moisture become 
trapped. Corrosion attacks between separate parts have often resulted in 
corrosion weathering, causing material failure, both in the castings and in 
the bolts. Since the material, as a rule, has been very generously applied in 
the casting design, so that the material thickness is often considerable, the 
material removal caused by surface corrosion is, relatively speaking, negli
gible and the outward form seldom incurs any notable damage. The origi
nal surface, however, is lost. Corrosion attacks have consumed it, and rust 
brushing and repainting on several occasions over the years have resulted 
in only the outward form remaining.

The only possible way of preserving such a sculpture is a comprehensive 
remedial programme followed by regular maintenance. This involves dis
mantling the monument, carefully removing rust, rust-proofing it with lin
seed-oil-based red lead paint, re-assembling the parts and applying a finish
ing coat of linseed oil paint so as to give the sculpture an appearance ap
proved by art history experts. All this agrees with the traditional procedure 
and, moreover, is shown by experience to be the best technical treatment of 
the material under given conditions. In the course of remedial action, bro- 
ken-off parts sometimes have to be welded back or new ones cast.

Zinc sculpture does not present the same corrosion problems as cast
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iron. On the contrary, zinc is a corrosion-resistant material under the envi
ronmental conditions prevailing in Sweden. It is only in cases where the 
zinc is copper-coated that appreciable problems can occur. The copper 
coating was applied galvanically and formed the basis of a patination in
tended to imitate patinated bronze. Damage to the copper coating causes 
corrosion attacks to the underlying metal, attacks which can achieve quite 
considerable depth in the form of pitting. In the objects inspected, however, 
attacks of this kind have proved to be fairly small.

Other kinds of damage to zinc sculpture are confined to damage caused 
by mechanical interference, such as cracking and deformation. These 
sculptures were also cast in sections, and the sections joined together by 
brazing. A tendency has been observed, in connection with mechanical in
terference, for cracks to be soldered. This has been very conspicuously il
lustrated in a sculpture filled with concrete, which resulted in all the solder
ing joins opening up when the concrete expanded in the course of curing.

Zinc sculptures have always been painted and have often been repainted 
several times over. Apart from the damage described above, peeling paint is 
the commonest problem. Remedial requirements are usually confined to 
the straightening of deformations, the brazing of cracks and cleaning for 
repainting. Painting is done with traditional material, i.e. linseed oil paint, 
and in consultation with art history experts.

Lead sculptures, finally, are prone to three kinds of problem. The mate
rial in itself is corrosion resistant under atmospheric conditions, but a spe
cial kind of corrosion damage occurs which has been observed, to various 
extents, in several cases. This damage consists of attacks inside the materi
al, often invisible from the outside, or mostly visible in the form of tiny red 
dots which are barely detectable with the naked eye and then only after the 
surface of the metal has been carefully cleaned. Beneath the metallic sur
face layer, the material may have been converted to lead oxides. XRD anal
ysis has revealed PbO and Si02. The reason for these attacks has not been 
investigated, but it is probably connected with casting pores on the surface, 
possibly combined with contaminant inclusions from casting. This type of 
corrosion attack, however, has a very important bearing on the preserva
tion of the sculpture. Certain sculptures have proved to be so deeply at
tacked as to be beyond restoration. The damage implies such a degree of 
weakening that the sculptures cannot be handled and, due to the extent of 
the damage, mending or stabilisation has been impossible. If the damage 
has not been too extensive, restoration can be achieved by removing the 
damaged area and substituting new material.

The other two problems are both connected with the heaviness and soft
ness of the material. Since these sculptures are often large and relatively 
thin-walled monuments, the lead shell has to be supported by an iron skel
eton if it is not to collapse under its own weight. This skeleton is usually
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made of German steel, i.e. forged iron of great purity and very low carbon 
content. Now this iron, being relatively soft, has also been slowly de
formed with the passing years, and it has corroded, sometimes to such an 
degree that it no longer has the requisite strength. Because this kind of lead 
sculpture is often architectural and par preference is positioned high up on 
house fronts where it looks for all the world like a sculpture of bronze or 
stone, and because it is often very heavy (weighing up to 2,500 kg), anyone 
can understand that weakened iron supports are not to be left unattended.

Usually what happens is that part or all of the iron skeleton is replaced 
with stainless steel. If the supporting members are accessible for painting, 
they can be retained and protected by rust-inhibitor painting with linseed oil 
red lead, so long as they are not excessively corroded. At the same time the 
monument is straightened to its original shape, insofar as the art historians 
can indicate what that shape ought to be. If necessary, corroded sections are 
removed and replaced with new sculpture or castings of lead alloy.

This kind of sculpture too has always been painted. In consultation with 
art history experts, the sculpture is finally surface-treated with traditional 
materials, usually appropriately pigmented linseed oil paint. Note that, 
with these materials as well, all practical measures have to be taken by 
skilled craftsmen, even though the materials are widely considered, as base 
metals, to be less valuable. Art founders or other metal craftsmen with 
attested experience of this kind of object are the only practitioners, togeth
er with art historians, who can be accepted. It is also important that paint
ing should be done by a patinator or by a skilled decorative painter with 
experience of material imitation.

Sculptures of these materials are less common in Sweden than sculp
tures of bronze and stone. They are more perishable, partly because they 
can suffer more damage from the environment and also because they have 
less status and are therefore treated carelessly, sometimes with a certain 
measure of contempt. But they are documents of an epoch of interest in the 
history of both art and technology, and as such they deserve to be treated 
with care.
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Corrosion of archaeological 
bronze objects in soil
Anders G. Nord, Kate Tronner and Monica Fjaestad

Archaeologists in Sweden and several other European countries have ob
served that recently excavated bronze artefacts generally appear to be more 
corroded than those found in the same area 50-100 years earlier. It is also 
symptomatic that bronze finds from the Bronze Age, Iron Age or medieval 
period are on the whole equally corroded if their find locations and other 
conditions are similar, i.e. most of the corrosion appears to have taken place 
in modern times. Examination of 6,000 archaeological items excavated in 
Germany points to accelerated corrosion after 1940-1960 (Scharff 1993). 
The archaeologists observations need, of course, to be confirmed with the 
aid of supplementary storeroom studies and statistical methods. The “Deg
radation of Archaeological Material in Soil” project is aimed at identifying 
the factors which apparently have most effect on corrosion. There is reason 
to suspect air pollution in recent decades, in the form of acid rain and other 
depositions. The corrosion of metals in soil, however, is an extraordinarily 
complex process compared with atmospheric corrosion, and it is very hard 
to distinguish between anthropogenic causes and other important factors, 
such as the composition and structure of metals, soil chemistry and other 
geological variables, archaeological context, microorganisms in the soil, veg
etation, land use, general geography, and so on. Classical works on corro
sion of archaeological finds have been published, for example, by Logan 
(1942), Geilmann (1956), Arrhenius (1967), Booth et al. (1967) and Tyle- 
cote (1979). Although this project has yet to be concluded, several reports 
and papers have already been published, e.g. Mattsson (1993), Nord et al. 
(1994), Borg et al. (1995), Tronner, Nord & Borg (1995).

Comparative studies of bronzes in museum collections
In keeping with our objectives, we have embarked on a study of previously 
excavated bronze artefacts. Our aim is to arrive at an overview of preserva
tion status as a function of time of excavation, but also to compare the 
preservation conditions of finds from Sweden’s west coast (which has been
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particularly subject to depositions of air pollution) and east coast. The 
material is also to shed light on the importance of the type of grave and 
burial customs. As many objects as possible should be examined, in order 
to achieve statistical significance.

The study has been based on stored material from the Museum of Na
tional Antiquities, the Göteborg City Museum and the Bohuslän Museum. 
The objects are being examined in the storerooms by an archaeologist and a 
metal conservator. The degree of degradation is being determined by ocular 
inspection. To keep the assessment unbiased, data concerning excavation 
context and year of excavation are not being collected until afterwards, from 
computer files and archives. The degradation rating is somewhat simplified 
compared with the basis of assessment which has come to be employed in the 
examination of recently excavated bronze artefacts. The degree of degrada
tion, on a 5-point scale, is defined as follows (Table 19).

Table 19.

Degree of degradation (Nbrg) Percentage of cross-sectional area composed of 
corrosion products (Nbr%)

1 Minimal corrosion <10
2 Slight corrosion 10-30
3 Substantial corrosion 30-60
4 Severe corrosion 60-90
5 Almost no metal left 90-100

First 182 bronze artefacts were investigated from Hjalmar Stolpe’s Birka 
excavations in the Black Earth (1871-1879). These finds are conspicuous
ly well-preserved, despite over a hundred years’ storage in a variable cli
mate. A comparative study was made of 113 items from the 1990-1995 
Birka excavations, recorded under the category of jewellery. It is a striking 
fact that the excavation in the 1990s did not yield a single artefact in such 
a good state of preservation as the best from Stolpe’s excavations.

From previous excavations in Uppland (Sollentuna), 54 bronze finds 
from Iron Age graves have been examined as material for comparison with 
bronzes from contemporary excavations (see below). The material from 
Halland, Göteborg and Bohuslän totals 199 objects. Of these, 53 are from 
the Bronze Age (1800-500 B.C.) and 37 from the medieval town of Kunga- 
hälla, which in character is comparable with Birka. The remaining material 
comes from Iron Age burial grounds. All bronzes in the Göteborg City Mu
seum have been inspected. The storeroom study now includes a total of 596 
items.
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Fig. 55. Summary of the storeroom studies, involving a total of 596 bronze arte
facts. The horizontal axis shows excavation year (five-year periods), the vertical 
one the average degree of degradation (Nbrg) of the bronze finds.

The diagram in Fig. 55 shows the spread of average degree of degradation 
for various excavation years (in five-year intervals) and geographical location. 
Years represented by less than five objects have not been included. The top 
figures for 1915 represent artefacts, some of which come from an excavation 
located in a Halland gravel pit. To arrive at a more comprehensive picture, a 
larger corpus of material should be examined in Uppland and Halland, and 
also from Skåne and Gotland, where the bedrock is more calcareous. One 
dear tendency, however, is apparent from this diagram: external influence has 
occurred in the past century. The German study by Scharff (1993) points in a 
similar direction. The chronological breakpoint in Sweden, though, cannot be 
conclusively established on the strength of the present material.

Recently excavated bronze finds
Detailed studies have been made of recently excavated Iron Age bronze finds, 
namely from four locations near Stockholm: the Viking town of Birka, on a 
small island in Lake Mälaren, a cinerary burial ground in Fresta, Upplands 
Väsby, another cinerary burial ground on a slope at Valsta, Norrsunda, and a 
skeletal cemetery at Häggvik, Sollentuna. A total of 66 bronze articles have 
been examined and analysed, viz 15 from Birka, 13 from Fresta, 11 from 
Valsta and 27 from Sollentuna. The degree of degradation of each item, a 
critical and important parameter, has been obtained by various methods: visu-
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al examination of the artefact, an estimate of the extent and depth of corrosion 
(cf. Scharff 1993), comparison between the remaining metallic core and origi
nal size, and radiographs. The variables Nbrg and Nbr% have been defined 
above. A degree of degradation is of course hard to state objectively. For exam
ple, a thin-walled object may have corroded completely, whereas another find 
of heavier gauge may seem to have survived better in the same surroundings. 
The disadvantages of classification, however, are found to be less serious when 
one considers that the bronzes examined are relatively similar, and also that 
the assessments are always made by one and the same conservation specialist. 
Metallic residues have been SEM/EDS analysed, the corrosion products have 
also been analysed by X-ray diffraction (XRD). Photographs of two artefacts 
with typical corrosion products will be found in Figs. 56 and 57.

Fig. 56. Rectangular bronze buckle from Väistä (A49, F788-.2, V-802J. The degree 
of degradation is 90%, i.e. the artefact consists mainly of corrosion products (cu
prite, malachite, brochantite, antlerite, goethite and magnetite). Photo RIKf.

Fig. 57. Bronze key from Birka (R004501, F50268, B-601). Degree of degradation 
25%. Corrosion products identified: cuprite, malachite, smithsonite and copper 
phosphates. Photo RIKf.
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The soil samples
Altogether about 200 soil samples were taken in connection with the above 
mentioned excavations, close to all bronze finds (or other finds) and, for 
reference purposes, away from the sites. (One is bound to assume that 
present-day soil samples are representative of recent decades.) A large 
number of variables characterising the soil have been determined by con
ventional chemical analysis: pH, loss on ignition, electrical conductivity, 
exchangeable acidity (H, Al), chloride content etc. In addition, the soil 
specimens have been extracted in two different ways and nine metal con
centrations have been determined with a plasma spectograph (ICP). Every 
soil specimen has been classified by a quaternary geologist. Altogether in 
this way, 37 analytical data were obtained for every soil specimen.

Archaeological context
For each bronze artefact, 33 parameters have been defined in order to de
scribe the archaeological context as carefully as possible. This refers, for 
example, to the type of excavation (cemetery, settlement etc.), any grave 
structure, the presence of soot in the ground, other objects found near the 
find, soil depth, height above sea level, and so on.

Other variables
Another 46 comprehensive parameters have been used to characterise each 
excavation site with regard to geology, geography, vegetation, land use, local 
or remote pollution sources, observed atmospheric deposition of air pollut
ants, etc. Every bronze artefact is related to two soil specimens, one taken 
close to the artefact and one—a reference sample—away from the site. Each 
object is connected to 185 parameters, of which 170 are numeric measuring 
data. All 20,000 or so measuring data are stored in EXCEL files.

Results
A general survey of the chemical results clearly reveals differences between 
the four excavation sites. Bronze artefacts from Sollentuna and Fresta seem 
as a general rule to be somewhat better preserved than objects from the 
other places. The most commonly occurring corrosion products are cu
prite, malachite and amorphous hydrated tin dioxide. Iron oxides, iron 
oxide hydroxides, basic copper chlorides and copper sulphates also fre
quently occur. Copper-alloy objects with high concentrations of zinc or 
lead often have a layer of smithsonite (zinc carbonate) and cerussite (lead 
carbonate) respectively on the surface. Sulphides, on the other hand, are
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very uncommon among our corrosion products. Metallic sulphides mainly 
form in reducing environments (cf. McLeod 1991; Nord, Lindahl 8c Tron- 
ner 1993). Various corrosion products and their relative incidence at the 
four excavation sites are summarised in Table 20.

Table 20. Relative incidence of various corrosion substance groups at the four ex
cavation sites. Codes: - not observed, + rare, ++ quite common, +++ common, ++++ 
very common.

Corrosion products Birka Fresta Valsta Sollentuna

Copper oxides + + + + + + + + + + + + + + + +

“Tin dioxide” + + + + + + +

Iron oxides + + + + + + + +

Copper carbonates + + + + + + + + + + + + + +

Zinc carbonate + + + + + + +

Lead carbonate + + + + + + + + +

Copper chlorides + + + + + + + + + +

Copper sulphates + + + + - + + + +

Copper phosphates ++ + + + + + + + + +

Sulphides + - - -

The Birka soil is typically anthropogenic, with remarkably high concentra
tions of soot, organic material, calcium, phosphorous, sulphur, copper, 
zinc, lead etc., and with a low degree of acidity (pH 8 approx.). It is signif
icant that copper sulphates and copper phosphates commonly occur on 
corroded Birka bronzes. The soil specimens from Fresta, Valsta and Sollen
tuna are similar to each other, with sand or moraine as the commonest type 
of soil. Their pH values are generally less than 6. Chloride concentration is 
remarkably high in a number of soil specimens from Fresta, presumably 
due to road salt from a busy road passing through the area. One example 
of the way in which a concentration can vary within a single geographic 
area can be seen in Fig. 58, showing chloride concentrations in the Fresta 
soil. Bronze objects in soil with high chloride content nearly always have 
basic copper chloride (atacamite) as a corrosion product. A heavily corrod
ed, small round object excavated proved to be a bronze coin about 50 
years old (a Gustav V 2 öre)—only a detail in itself, but still an indication 
of considerable corrosion during the past half-century.

Statistical evaluations have been performed at Umetri AB (Umeå), using 
multivariate analysis according to the SIMCA-S system and employing two
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Fig. 58. Concentration of chloride (ppm) in soil specimens from the Fresta area. 
The x and y co-ordinates are shown in metres, i.e. the area measures about 60 x 60 
m1. A major road, salted in wintertime, runs from SW to NE, i.e. beneath the up
permost chloride peak and away in the direction of the diagonal. (Diagram after 
RO. Ekström.)

methods: (1) principal component analysis (PCA), to ascertain how differ
ent groups and variables are connected with each other, and (2) regression 
analysis by the least squares method (PLS, partial least-squares projections 
to latent structures), in order to calculate correlation factors between dif
ferent variables. All data in the soil file were first analysed by PCA, and the 
results confirm our previous observation that the Birka soil specimens dif
fer a great deal from the other three excavation sites (see Fig. 59), partly 
due to extremely high concentrations of soot, calcium, sulphur and phos
phorus.

One important purpose of the statistical analyses is to investigate the 
way in which the degree of degradation of the bronze artefacts (Nbrg or 
Nbr%) is correlated with the other variables. When the four excavation 
sites were analysed separately, most of the regression coefficients (re) were 
found to be very small. Thus more than a hundred different variables ob-
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Fig. 59. The first two principal components for all soil specimens, plotted in a two- 
dimensional diagram with the SIMCA-S system. It is clear that the samples from 
Birka (B) differ significantly from those coming from Fresta (F), Väistä (V) and 
Sollentuna (S).

tained regression coefficients in the region of -0.025<rc<0.025 and for 
SIMCA-S can be regarded as non-significant (Albano & Wold 1995). Nbrg 
and Nbr% are by definition interlinked, and also linked with the depth of 
corrosion (Kdjup). On the other hand, Nbrg and “remaining metallic 
core” (Mkär) are inversely correlated, which is obvious but relevant, be
cause it strengthens the credibility of the basis of assessment and the statis
tical analysis.

PLS analysis of the corrosion products reveals a number of anticipated 
relations, such as a weak positive correlation between the concentration of 
chloride in soil and the occurrence of atacamite as a corrosion product. 
The degree of degradation Nbrg was then compared with various groups 
of variables. For example, an investigation was undertaken to see whether 
the type of soil appears to have any significant effect on corrosion. Here we 
found an indication that bronze artefacts found in soils with finer, mois
ture-retaining pores (fine sand, moraine) are generally corroded more than 
those in other types of soil. Analysis of the effect of the different soil chem
istry parameters on Nbrg showed heavy concentrations of sulphur or phos
phorous in the soil to be harmful to the bronzes (rc 0.05-0.10, which is 
significant correlations with SIMCA-S). High interchangeable acidity ap
pears to accelerate degradation, but the correlations between degree of
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degradation, pH and base saturation sometimes produces contradictory 
results. The same goes for chloride concentrations in the soil. The impor
tance of the acidity of the soil or of high concentrations of chloride must 
therefore be left as an open question.

Analysis of Nbrg against the archaeological parameters yielded a 
number of interesting results. For example, it is apparently bad for the 
bronze find to lie on a rock surface covered by only a thin layer of soil 
(Psten parameter), presumably because water has flowed over the object in 
large quantities. Soot appears to accelerate corrosion, and so does the 
proximity of residues of incinerated bones. (These two variables, however, 
are often interlinked.) Obviously, the results as described above vary some
what from one excavation site to another. When Nbrg was analysed 
against the other comprehensive parameters (geography, land use, pollu
tion sources etc.), no significant correlations emerged. This is because, as 
far as these parameters are concerned, the four excavation sites are fairly 
similar. Finally, Nbrg was matched with all other variables and with all 
data, which yielded the following results:

D Significant positive correlation was obtained between Nbrg and soil 
concentrations of sulphur and phosphorous.

D Somewhat lower positive correlation between Nbrg and certain varia
bles for describing the archaeological context, such as the occurrence of 
soot or incinerated bones near the bronze finds.

D Unclear connection between Nbrg and, respectively, chloride content 
and soil acidity.

D Degradation is apparently accelerated by soils with fine, moisture-re
taining pores, as well as other moisture-retaining properties in the actual 
site.

D Chemical and metallurgical variations do not appear to make much dif
ference to the degree of corrosion in bronze finds.

Discussion
Taken together, the evaluations have produced tendencies rather than reli
able results with regard to which variables have most impact on corrosion. 
In order to obtain firmer supportive documentation for statistical process
ing, samples are needed from other parts of Sweden with more acid-sensi
tive soils and different conditions in other respects. It also has to be remem
bered that significant correlation, although a precondition of cause and 
effect, does not necessarily imply it. Variables can also be interlinked, as for 
example with soot and incinerated bones. Furthermore, there may be fac
tors which have a very important bearing on the subject of our inquiry but 
have not been included in our set of variables. The soil chemistry data
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obtained provide only a “snapshot” of a dynamic process spanning about 
1,000 years.

For comparison with our study, here are some findings from the above 
mentioned German study (Scharff 1993). That study showed a distinct cor
relation between the degree of degradation of archaeological iron artefacts 
and deposition of sulphurous substances in Germany. On the other hand, 
the effects of chlorides in the soil were found to be less distinct—the same 
result, in other words, as we ourselves obtained. It has to be borne in mind 
that this is a very complex research undertaking (cf. Camitz & Vinka 1989; 
Kućera 1990; Leviin 1991; Sederholm et ai. 1992; Årebäck 1994). For 
greater statistical significance, the following changes or additions will have 
to be made in our project:

D Addition of data from excavation sites in other parts of the country with 
different soils and generally varying conditions.

D Inclusion of other materials in the study, above all materials of iron and 
uncremated bone.

D Introduction of chemical and other variables at present lacking, and re
consideration of some of the present parameters.

D Simplification of the variables concerning archaeological context and 
conditions generally.

D Use of grain size distribution data to characterise the soil specimens.
D Continued investigation and statistical processing of stored finds exca

vated 50-100 years ago. Analysis of the corrosion products of these 
artefacts, insofar as they remain, and any earlier soil specimens.

D Sulphur isotope studies of corrosion products with a high sulphate con
tent.

D Preparation of relevant critical load maps for a number of different 
provinces, adapted to archaeological circumstances (i.e. influence near
er the surface).

□ More international contacts, participation in conferences, lectures, sem
inars, publications.

□ Information to archaeologists, excavation leaders, county administra
tions etc.

Given the modifications proposed above, the project will, hopefully, be 
able to present more dependable results within a few years. But even the 
results already obtained are sufficient to refute a number of traditional 
ideas among archaeologists, e.g. the supposition that a bronze artefact will 
be better preserved in soil with a heavy concentration of soot or phosphate 
or with a high pH. At a later stage, results from our study may be of great 
assistance in the appraisal of preservation measures, e.g. the urgency with 
which an excavation must be taken in view of the risk of continued de
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struction. On the basis of the present results, soil analysis from an archae
ological site may explain why certain expected materials are not found at 
all: they have corroded to complete degradation. For other areas and cer
tain types of soil it may be possible to establish that the finds are safer left 
unexcavated than put in storage. Furthermore, the knowledge gained may 
facilitate an estimate of the conservation costs entailed by an excavation. 
The results are likely to prove very important in other disciplines besides 
archaeology. When our project was presented at an international environ
mental conference (“Acid Rain ’95” in Göteborg, June 1995), the corro
sion experts present could only recall two ongoing projects of a similar 
kind, namely EU-5V-CT94-0561 “Soil archive classification at European 
excavation sites in terms of impacts of conservability of cultural heritage” 
(Germany, Britain, the Netherlands and Greece), and a national project, 
“Gefährdung archäologischer Funde durch immissionsbedingte Bodenver
sauerung”, at Landesamt Baden-Württemberg (Scharff 1993). The corro
sion specialists felt that our project had made a great deal of headway and 
had yielded useful information.
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Degradation of organic 
material
Anders G. Nord

All material, both organic and inorganic, will be degraded and changed by 
what is commonly referred to as “the ravages of time”. In this respect, 
organic materials, due to their chemical composition, are especially vulner
able to moisture, UV light, heat, oxidants (oxygen, ozone), microorgan
isms etc. In our everyday lives we sometimes notice how a rubber band has 
dried out and lost its elasticity, how our wallpapers fade, or how a curtain 
close to an ozone-generating copier disintegrates. Air pollution also accel
erates the break-down of these materials. Already in the 19th century, 
Michael Faraday regarded atmospheric sulphur dioxide as the principal 
cause of decay in the leather-bound volumes of the London Library. For 
nearly a decade now, the Conservation Institute of National Antiquities 
(RIK) has been studying the degradation of inorganic materials like stone 
and metal. Not very much attention has been paid, on the other hand, to 
organic substances, even though we are well aware of the need for it. What 
now follows is a brief overview of studies completed and planned.

In building research, of course, wood as a structural material has been 
studied from every conceivable angle. Degradation of archaeological 
wood, on the other hand, is a neglected field. Our knowledge can be ex
pected to improve, however, now that a member of the RIK Archaeological 
Materials Department has embarked on post graduate studies in this field.

Paper frequently ages. In order to identify and record the problems, a 
project entitled “PaperDoc” has been inaugurated by the Swedish Nation
al Archives. RIK has been represented in the project reference group (by 
A.G. Nord) since 1990. Studies are being made, in collaboration with man
ufacturers and research institutes, of the durability and degradation of dif
ferent types of paper, and the data are being stored in a database. Conser
vation of paper is an important sub-area of this project. Photographic pa
per too is conspicuously prone to ageitig. With digital image processing, 
these problems will be minimised in future (see separate chapter).

Leather, horn and bone are another group of materials where a lot re
mains to be done. Under the “Degradation of archaeological material in 
soil” project, studies of bone material began recently as an adjunct to the
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studies of bronze objects (see chapter Corrosion of archaeological bronze 
objects in soil). RIK’s textile conservators have a close knowledge of the 
way in which various textiles are degraded in exhibition rooms and 
churches or as soil finds. Within a five-year period we expect to have com
pleted chemical analyses aimed at showing how the vegetable and animal 
dyestuffs in textiles fade and age. It should also be observed that textiles, 
like wood and paper, are materials commonly occurring in museum exhibi
tion cases. They should therefore be carefully examined with ageing and 
possible effects on the exhibits in mind.

One very large and ever-increasing group of materials consists of binding 
agents, adhesives, synthetic polymers, elastics and plastics. Very often we 
need to know, by means of chemical analyses, which substances (now aged) 
have been used. Literature studies have been carried out by RIK staff (Nord 
& Tronner 1994a) and in the Department of Polymer Technology of the 
Royal Institute of Technology (Johansson 1995a), on RIK’s behalf. Needless 
to say, a great deal has been published concerning the ageing of these sub
stances (e.g. Billmeyer 1984; Hall 1986, Encyclopaedia of Polymer Science 
1986; Mills & White, 1987; Horie 1994). Drying oils have been used for 
centuries in art and house painting, and so the ageing of these binding agents 
has been studied in detail (e.g. Hey 1958; Mills 1970; Meilunas et al. 1990; 
Horie 1994). Personnel from the analytical unit have visited the Laboratory 
of the Danish National Museum in Brede and carried out GC-MS analyses 
of drying oils and other binding agents (Padfield 1995).

Knowledge of the degradation behaviour of waxes, resins, varnishes, 
polysaccharides and proteins is less amply recorded than in the case of dry
ing oils. Modern synthetic polymers and plastics are another large group 
whose importance among future museum exhibits is destined to increase. 
The degradation of these frequently sensitive materials is therefore an impor
tant consideration in the cultural sector. Animal and synthetic adhesives 
have been used by various conservators all over the world. How do these 
adhesives age? Do they become brittle or discoloured? How long do they 
remain stable? Acronal 300-D, an adhesive which has long been used by 
conservators, was examined, on RIK’s behalf, by the Department of Polymer 
Technology at the Royal Institute of Technology (Johansson 1995b). The 
findings show that Acronal 300-D is relatively stable but ages slowly and 
probably oxidatively under the influence of heat and/or UV light. Several 
such ageing tests are waiting to be performed.

Summing up, a lot remains to be done regarding studies of the way in 
which different organic materials disintegrate. The chemical analyses and 
studies demand sophisticated instruments which we do not have, and so the 
studies have to be based on co-operation with institutes endowed with the 
appropriate equipment and knowledge. Even so, this work is both desirable 
and urgent.
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Industrial heritage 
Conservation
Mille Törnblom

Background
The industrial heritage consists of objects of historic interest representing 
technological development and its consequences in a whole variety of 
fields. These monuments differ in character from those of which heritage 
management authorities have had experience previously. This has deter
mined the conservation measures taken. Traditional measures of structural 
conservation have been performed, but otherwise the measures taken have 
been only limited and sometimes inappropriate. Sometimes the problem of 
furnishings and equipment has been entrusted to consultants, building 
firms or local enthusiasts, with varying results. Apart from their value in 
the history of culture and technology, industrial facilities are specially in
teresting from the viewpoint of materials technology, comprising as they 
do several different structures and functions made up of a variety of mate
rials.

A building, as a rule, comprises one or more production units which 
may consist of building structures erected on site, such as furnaces or 
hearths, and also of machinery designed elsewhere and assembled on site. 
These structures constitute elements in a production unit and are subjected 
to heavier stresses than ordinary building structures. Consequently the 
constituent materials are also subjected to special stresses, unlike those oc
curring in building conservation generally. The different materials can be 
thought of as links in chains together making up the structures. Every link 
in the chain has a load-bearing function. The durability of brick, load- 
bearing iron structures, furnace linings etc. decides which parts, singly or 
combined, are to survive or collapse. The lifetime of the structure depends 
on its weakest link.

Operational stresses were mechanical, thermal and, not least, chemical. 
The facilities were often subjected to high temperatures and to heavy temper
ature fluctuations, as for example in furnaces and forges. When the facilities 
were in use, the atmosphere was usually contaminated, not least by sulphur 
and solid dust and soot particles. The mechanical loads were often heavy, for

175



example in the form of rotating waterwheels or turbines of mills and saws, 
power stations and forges, various types of hammer in hammer forges or 
rolls in rolling mills etc. Parts of the facilities were periodically renewed dur
ing the operational phase. They were built as a link in a production chain. 
This creates special perspectives on the choice of preservation measures.

Since the materials of industrial monuments have been and are subject
ed to stresses of various kinds, it is particularly interesting to consider more 
closely the ways in which different materials are effected by their previous 
environment and by the change of environment occurring as a result of 
closure. Interest from a technical point of view focuses on all materials, e.g. 
iron and steel, brick and mortar in furnaces, hearths and heating appara
tus, brass and other copper alloys, iron and steel, paint and varnish e.g. in 
power station machinery.

It is important to realise that an industrial facility is not only a number 
of buildings but also several structures having specified functions. Under
standing of the function of these structures, and of the stresses to which the 
processes have subjected the materials, has a crucial bearing on the possi
bilities of preserving the facilities, and on the adequacy of preservation.

Presentation of the project
The project is aimed at building up knowledge of materials in industrial 
monuments and at characterising damage to materials and structures. 
Suitable methods are to be devised for preservation and costing in the 
short and long term. The project is aimed at preserving process plant and 
building structures for the same, and it has been created under the fund
ing allocation for counteracting the harmful effects of air pollution on 
the heritage.

Work on the project began in the spring of 1992 with a field trip 
through the Bergslagen region, from Uppland in the east to Värmland in 
the west. The main ports of call were relics of the iron industry. The plan 
was to study the types of damage commonly occurring in facilities of this 
kind and to gauge the magnitude of the problem. It was also an advantage 
to meet persons responsible at different levels, from county antiquarians 
and museum specialists to works managers and representatives of local 
heritage associations, not least in order to hear their opinions concerning 
the need for central support in practical, technical matters. The reason for 
the choice falling on relics of the mining industry was that objects in this 
industry are amply documented and, as far as the buildings are concerned, 
frequently well cared for. Other industries will be inventoried on similar 
lines. In the course of our journey it became clear that the commonest 
damage was due to degradation of materials, e.g. corroding Lancashire 
hearths, anchoring irons and iron hoops in blast furnaces, salt precipita-

176



tion in masonry roasting furnaces and regenerative chambers, resulting in 
brick weathering etc. Experience gained from the trip was summarised in a 
report presented in November 1992.

The Central Board of National Antiquities (RAÄ) has been instructed 
by the Government to draw up an action programme for the preservation, 
care and long-term management of Sweden’s industrial monuments, and is 
to report on this assignment not later than 1st July 1996. Apart from ques
tions of documentation and preservation priority, which are handled by 
other units of RAÄ, the practical and economic preconditions for the pres
ervation and future maintenance of material relics of the industrial heritage 
are among the most important topics of inquiry.

The Industrial Monuments project is being conducted within the Con
servation Department and has the following purposes:

D To chart the problems of materials existing in industrial facilities which 
may become a subject of preservation measures. Above all this applies 
to abandoned facilities.

D To characterise different types of damage and, if possible, to investigate 
their causes.

□ To devise methods of eliminating the commonest causes of damage, re
pairing damage and preventing damage in future, to design working 
methods for remedial measures affecting entire facilities and to compile 
supportive documentation for planning and costing of care and restora
tion measures.

□ To develop routines for the planning and costing of continuous mainte
nance.

Concerning the care of buildings and related problems of materials, we are 
reasonably well informed. It has to be borne in mind, however, that an 
industrial building is not just another kind of traditional house. It is more 
often a matter of engineering construction than architecture.

It is also important, when describing the condition of individual 
processing units, such as furnaces or hearths, to take a holistic view of the 
industrial building or complex, because the structure and design of the 
building, its positioning in the topography, its foundations and machine 
beds below ground level etc. affect the state and survival prospects of the 
individual facility. It is therefore impossible to study an individual machine 
structure and decide on a remediation programme for the machine unless 
the outward conditions for the impending preservation have been made 
clear. Nor is it sound economics to undertake measures which have insuffi
cient chance, or none at all, of achieving lasting results.

The big gaps in our knowledge concern processing plant and building 
structures which form a direct part of industrial operations. The purpose
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of our field trip in 1992 was to acquire a picture of the most frequent and 
—from a preservation viewpoint—most serious damage occurring in metal 
manufacturing facilities.

Further work on building up knowledge concerning the types and ex
tent of damage in other categories of industry has proceeded mainly in 
connection with demands for support in connection with concrete regional 
restoration measures. However, the method of systematic inventory of 
damage to a number of typical objects within an industry, on the same lines 
as with the remains of iron manufacturing, are a fruitful way of compiling 
supportive documentation for future assessments of remedial needs and 
preservation opportunities.

In order to build up knowledge of this field and to achieve the predeter
mined objectives, work is proceeding in two principal ways, viz:

□ Gathering general knowledge and experience in the field and building 
up an interface with associates at different levels and with various com
petencies. This is being done, in practical industrial heritage conserva
tion, by supporting the regional organisation with knowledge of materi
als, their characterisation, weathering or corrosion, explanations of the 
occurrence and probable cause of damage, and suggestions regarding 
methods and materials to be used for remedial purposes.

□ Taking direct initiatives to build up knowledge of the real practical con
ditions.

Direct practical measures
To give us an opportunity of judging the serviceability of remediation 
measures, and to improve our knowledge of the expense which different 
types of measurement entail, a practically oriented pilot project was under
taken at one of the facilities studied in the 1992 damage inventory. The site 
chosen for study was the Lancashire forge at Karlholms Bruk, which was 
in operation between 1880 and 1932.

This site was chosen because it presented several of the problems occur
ring in facilities of this kind. Serious damp problems in floors, with accom
panying problems of corrosion in metals. Moisture migration, with salt 
precipitation on floors and in masonry, especially on surfaces exposed to 
high temperatures during operations. Furthermore, damage from a previ
ously leaking roof and decayed timber adjoining the waterwheel and wheel 
pit, as well as beneath the hammer. Then again, the building is now well 
cared for and in such condition that restoration prospects for the process 
facilities are good. In connection with this work, proposals for the framing 
of both general and detailed rules for remedial action have been discussed 
and experimentally applied.
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Guidelines need to be laid down which can be generally applied to the 
restoration of individual facilities. Principles governing the choice of clean
ing and surface treatment, mending and restoration or reconstruction and 
new production of individual parts or whole installations need to be clari
fied and stated in detail. The main principle of not interfering excessively 
naturally applies in this as in other contexts, and so does the principle that 
traditional materials and methods are to be used wherever possible. When 
industrial facilities were in use, their individual parts were often disposable 
materials. Certain process facilities may, at the time of their closure, have 
been in such a state as to be a virtual write-off. Subsequent decades of 
adverse environmental conditions and non-existent maintenance may have 
resulted in the destruction of individual details of the facility, while other 
parts may have come off more lightly.

Work under the Karlholms Bruk project involves the following tasks:

Studies
1. Searching on picture and film archives for reference material on material 

status.
2. Searching of document and drawing archives for information on present 

and previous structures. What is to be found underneath the present 
facilities?

3. Detailed studies and documentation of damage, corrosion attacks and 
relation to the location of activities in the building.

4. Detailed studies of the extent and migration paths of damp in the facility.
5. Detailed studies of the extent of damage to moveable equipment.
6. An attempt to assess the corrosion and degradation rates of different 

parts of the equipment.

Measurements
1. Measurement of floor levels, especially of existing cast iron slabs, dis

placed by frost, and of beds for hammers, rolls and hearths etc.
2. Measurement of relative humidity and temperature at various points in 

the facility, 12 measuring points.

Remedial measures
1. Vacuum cleaning and other cleaning, and especially salt clearance.
2. Dismantling of cast iron slabs, excavation of floors, drainage, refilling 

with capillary-breaking material and with the same surface material as 
before, and reinstatement of slabs at their original level. The excavation 
has been observed and recorded by a building archaeologist.
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3. Assembly and installation of moveable equipment and implements.
4. Restoration of four of the six Lancashire hearths in the forge.

The studies and measurements phases provided input documentation for 
decisions regarding remedial measures in the forge and are also a prerequi
site for the work being carried out. They will also be capable of serving as 
supportive documentation for assessment of extent and expenditure when 
planning future measures in industrial monuments with similar material 
problems.

The site works were intended to facilitate future restoration work on 
the hearths and also to improve our knowledge of what to expect regard
ing the state of materials beneath floor level in a facility of this kind. If 
anything we know even less about this than about the structures above 
ground.

In connection with work on the floors, superficially located timber 
structures were uncovered. These structures are above groundwater level 
and their survival is threatened by extensive decay. Professor Tomas Nils
son of the Swedish University of Agricultural Sciences, a specialist in wood 
and its degradation, has examined the structure, which is a wooden vibra
tion absorber underneath a steam hammer (Fig. 60). Flis investigation has

Fig. 60. The wooden vibration absorber under the big steam hammer was heavily 
decayed and had to be replaced in order to stabilise the hammer. Photo Mille Törn
blom.
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shown the condition of the timber structure to preclude any straightfor
ward conclusions with regard to causes and connections. More practical 
studies and, probably, some research are needed in order to improve our 
knowledge of this type of structure.

Restoration of the Lancashire hearths, regenerative chamber included, 
took place in the winter and spring of 1995 (Fig. 61). Elements of methods 
and materials testing were incorporated in this work. All the hearths con
sist of masonry structures of both refractory brick and mortar and ordi
nary clay brick and lime mortar. There are also cast iron slabs both inside 
and out, as well as wrought iron and even copper detailing. The cast iron 
hearth slabs were already seriously dilapidated when the plant closed 
down in 1936. Temporary refurbishment in connection with a film record
ing during the 1940s resulted among other things in all iron being coated 
with a product based on coal tar, a material traditionally used for this pur
pose and referred to in 19th century technical literature as “iron varnish”. 
Heavy corrosion attacks, partly due to the presence of large quantities of 
salt in the structures from previous soil and possibly air pollution, as well 
as serious damp problems, had dislodged big patches of rust and tar.

In all hearths, the partly disintegrating masonry structures between 
hearth and regenerative chamber wall were restored. Two of the hearths

Fig. 61. Fully restored Lancashire hearths. From left, surf ace-treated with cold as
phalt, treated with Dinitrol and simply cleaned. The floor in front of and surround
ing the hearths has been decontaminated and drained. Photo Mille Törnblom.
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were left untouched except for vacuum cleaning and will serve as reference 
objects for future follow-up. They may be reinstated later on. The other 
four were cleared of rust and surface-treated in various ways. Two hearths 
were cleaned manually with rust brushing and chipping in the traditional 
way. One of these was coated with red lead and given a top coat of cold 
asphalt. The other was treated with a wax-based anti-rust agent containing 
corrosion inhibitor. One of the remaining two hearths was treated with 
JOS blasting, using a minimum quantity of water, and the other with free- 
jet blasting. These hearths were given the same surface treatment as the 
hearths which were cleaned manually. Certain conclusions could be drawn 
from this treatment immediately, while others will have to await observa
tions in the course of follow-up.

In the matter of cleaning, we found that JOS blasting, although very 
gentle, is not suitable for objects as heavily corroded as these structures. 
Rust removal was very insignificant in parts and, moreover, very time-con
suming, added to which the admixture of water, although insignificant, 
caused a very rapid and heavy precipitation of rust on the surfaces. Free-jet 
blasting also failed to produce adequate results; the hearth treated in this 
way required additional, manual cleaning. It was manual cleaning that 
produced the best results. We conclude that the best method for cleaning 
objects with this kind of corrosion attack is a combination of free-jet blast
ing for removing loose rust, supplemented by manual rust removal using 
brushes and needle hammers.

It is too early yet to tell how the surface treatment performs as rust
proofing, but the aesthetic result of treatment with cold asphalt is not sat
isfactory. The very shiny, black surface conveys the wrong message to visi
tors. This is not what a Lancashire hearth looked like when in use, nor 
when idle. So the lesson to be learned here is that, even if a treatment is 
traditional and agrees with our knowledge of earlier materials and tech
niques, it can sometimes prove unsuitable. This treatment, however, does 
show what the hearths looked like after their preservative treatment in the 
1940s.

Practical work on the Karlholms Bruk project is now over and it re
mains for reporting to be completed. Evaluation of the cost of the entire 
enterprise, showing itemised expenditure, will be an important part of this 
report. One of the purposes of the project was to obtain a sounder basis for 
the planning and costing of remedial programmes for this type of industrial 
monument. A management plan for future maintenance is also to be drawn 
up and an estimate prepared of the expenditure which continuous mainte
nance of this kind will entail.
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Other knowledge production
Knowledge concerning the extent and expense of different types of remedial 
action on industrial monuments of various kinds is also being collected in 
another way. In the County of Skaraborg during 1994, the Karlsborg build
ing workshop carried out restoration work on the Edet bone stamp and mill, 
together with a small appurtenant power plant. Adjoining this facility is a 
dam structure in the form of timbered stone coffers, in a relatively good state 
of preservation. This work generated useful experience of planning and cost
ing for other monuments. In order to secure a share of this experience and to 
obtain the completest possible documentation, work on the report was part
ly funded with a grant from the Department’s Industrial Monuments Project. 
The main purpose of the project is the central build-up of knowledge for 
supporting regional and local initiatives and the compilation of input docu
mentation for central definitions of priorities. This gathering of knowledge 
need not, and cannot, be based entirely on our own initiatives. On the con
trary, it is more fruitful and diversifying if efficient co-operation can be devel
oped with regional activities “at the sharp end”.

This kind of regional reality has been a pressing problem in the County of 
Gävleborg, where, following a fire, the Lancashire forge at Jädraås, aban
doned since the 1940s, was roofless for a considerable length of time, and 
was then provided with a temporary canopy roof. As a result of damage 
caused by the fire and subsequent exposure to precipitation, extensive mate
rial degradation has taken place in iron structures, brickwork and mortar. 
The recently erected canopy roof has in itself caused new problems in the 
masonry, which did not receive any attention when the roof was erected. 
Desiccation of the mortar, which was badly weathered and leached of binder, 
resulted in the mortar, much of it consisting only of sand ballast, running out 
of the pointing, with the result that the masonry is partly collapsing. In the 
light of experience from work at Karlholm, a remedial programme has been 
drawn up and funded by the Industrial Monuments Project. Remedial work 
on the installation, however, will have to be funded by other means.

Power stations are one category of industrial monument of which a total 
inventory has been compiled at central initiative but concerning the preser
vation of which our knowledge has lagged behind. Several power plants are 
now derelict and in need of remedial action and, above all, maintenance 
programmes. What is more, a policy for the structure and extent of preserva
tion is lacking in this connection. Is the entire facility to be preserved from 
power station dam to tailrace? Is only the machinery to be preserved? How is 
the machinery to be preserved? Is the plant to be capable of operating? All or 
part of it? If only parts of the plant are preserved and maintained, what 
happens to the rest? Fill in after documentation? Leave to decay in peace? 
Questions of this kind are of general relevance and will become more and
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more pressing as the time gap between the closure of a facility and preserva
tion measures grows narrower. Facilities which have been derelict for dec
ades have often defined their own preservation priorities through partial de
cay, leaving fewer options when restoration is finally decided on.

Problems of this kind have become very acute in connection with the 
drawing up of a programme of remediation and care for the machine hall of 
the old Porjus power station. Together with the Luleå County Museum and 
Vattenfall, Porjus, detailed directions for care and maintenance have been 
drawn up, based on valuations and priorities evolved through discussions 
with the interests and specialists concerned. To a great extent one is forced to 
accept that not all parts of a facility can be preserved and maintained once 
operations have been discontinued. If, on the other hand, some operations 
are continuing or, as at Porjus, are to be resumed, both advantages and 
drawbacks become apparent. The advantages can be said to include the fact 
of ongoing activity creating an inner environment which is beneficial to pres
ervation, added to which, the constant presence of working personnel im
plies continuous surveillance of the state of the fabric. In this particular in
stance, the owner is very anxious to provide both initial care and ongoing 
maintenance, so long as the antiquarian authority can issue clear directives. 
The drawback, on the other hand, may be that historical principles of preser
vation have to be departed from so that operations can be maintained.

Summary
The purpose of the project, as expressed above in a number of points, can 
be summarised by saying that experience is to be gathered at central level 
concerning the material state of the remains of different types of industrial 
activity from different periods in Sweden’s industrial history. There is also 
to be a central fund of knowledge concerning the extent and expense of 
input requirements, principles for the assessment of future preservation 
and knowledge on which to base an assessment of the commitments which 
such preservation will entail for the future, in a form of work input and 
expenditure.

For the continuation of the project, single-industry studies of the same 
kind as the one concerning the mining industry should also be undertaken 
for other branches of industrial activity. In the light of experience from these 
sectorial studies, a selection of objects from different types of industrial ac
tivity with different kinds of typical problem should be specifically studied, 
both in connection with ongoing regional work and in the form of self-con
tained projects with specific points of inquiry, just as at Karlholms Bruk.
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Gotland stained glass
Åke Nisbeth

The report for 1988-1991 (Gullman 1992) contains a description of the 
background and structure of that part of the project which is concerned 
with the conservation and protection of surviving medieval stained glass in 
Sweden, most of it on the island of Gotland. No changes to the methods of 
conservation have proved necessary in this second phase. Thus the win
dows are dismantled by Ringströms Glasmästeri, Stockholm, who are also 
responsible for packing the glass for dispatch to Munich and Gustav van 
Treeck Bayerische Hofglasmalerei. The glass is unpacked in Munich in the 
presence of an inspector from the Central Board of National Antiquities 
(RAÄ) and undergoes careful examination, in the course of which the ex
tent of work to be done is decided and details are discussed which require 
special attention from a technical or historical viewpoint. A second inspec
tion together with the supervisor from the Central Board takes place before 
the work is concluded and the glass returned to Sweden. For reinstatement 
in the churches, the same principles apply as in earlier stages, viz protective 
glass is installed in the position formerly occupied by the medieval stained 
glass, and the latter is freely positioned in the window embrasures, about 7 
cm away from the glass shield. In cases where special protective glass al
ready exists a little further out in the window embrasure, this has been 
retained for additional protection. In some of the churches, where the new 
position of the stained glass has not been possible without “light spillage” 
round about them, strips of lead foil have been soldered on to the frames 
and shaped so as to make the light spillage invisible to visitors.

Churches whose stained glass has been conserved during this phase in
clude Alskog, Burs, Ekeby, Eksta, Endre, Eskelhem, Follingbo and Tofta 
and, in the final round, Dalhem and Sjonhem, i.e. the oldest stained glass in 
Gotland. In several of these churches, additional panes were added in the 
course of restoration round about 1900 and in the early years of the 
present century, after cartoons by conservator G. Wilhelm Pettersson. In 
case where these panes have immediately joined medieval stained glass, 
they have been sent to Munich so that a check can be made of interaction
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between the two. In cases where a whole window has been made up of 
stained glass by Pettersson, the panes have been carefully cleaned and pro
vided with new frames of the same design as employed for the glass con
served in Munich. This work has been done through Ringströms Glasmäs- 
teri. It should be added that the Pettersson panes, which for the most part 
are closely co-ordinated in colour and style with the medieval glass, were 
manufactured at Ringströms Glasmästeri. Conservation work in Munich 
has been recorded with the utmost care in words, drawings and photo
graphs, and a set of the documentation material has been supplied to the 
Central Board of National Antiquities.

The plan was for work to have been completed in 1995 and for nearly 
thirty of Gotland’s churches by then to have had their stained glass con
served and fitted with protective glass. One church remains, however, 
namely Lye, which has the most comprehensive series of stained glass win
dows. In connection with a meeting together with stained glass experts 
from Belgium, Britain, the Netherlands and Germany in September 1995, 
the Lye windows were inspected and were partly found to be in such poor 
condition that protective conservation had to take place on the spot before 
they could be sent to Munich for complete conservation. This final stage, 
then, although it involves only one church, is expected to take more time 
and be more expensive than previous phases. The Gotland inter-parochial 
association will therefore be applying to the Churches Fund for a special 
grant to supplement the State funding already provided through the Cen
tral Board.

Before the project can be regarded as concluded, a review will be under
taken, together with Dr Peter van Treeck, of all conserved glass, to decide 
which adjustments and improvements ought to be made to the protective 
glazing. Directions concerning future care and supervision of the stained 
glass will be drawn up in consultation with Dr van Treeck. An account of 
this concluding work will be given in a subsequent report. An expert meet
ing was held in Visby in September 1995. The final document from this 
meeting, including evaluation of the work done as well as recommenda
tions for the future, is reproduced below.
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Recommendations for the medieval stained glass of 
Gotland

E. Jägers, E. Bischeltsrieder, U. Brinkmann,
B.A.H.G. Jütte, J. Kerr, Y. Vanden Bemden and P. van Treeck

The participants of the international 
meeting on medieval stained glass in 
Gotland held in Visby 12-17 Septem
ber, 1995 are deeply impressed by the 
high quality and the excellent state of 
preservation of the medieval stained 
glass windows in the churches of 
Gotland. The uncomparable good con
dition of the windows is due to the low 
stress by air pollution as well as to the 
constant care and maintenance granted 
by the inhabitants of Gotland. This can 
be seen for instance in the fact that the 
windows were protected with an exteri
or glazing nearly 50 years ago. All par
ticipants are pleased with the excellent 
conservation work carried out in recent 
years. To safeguard the stained glass 
windows in the future the participants 
of the meeting wish to formulate the 
following recommendations:

Protective glazings

To our knowledge the exterior protec
tive glazing is the best way to safeguard 
stained glass windows. The construc
tion of the protective glazing should 
follow the principles which are elabo
rated during extensive research work 
during the last years.

The protective glazing should be 
placed in the groove of the stained 
glass, the stained glass itself is placed 5

to 10 cm to the interior. The ventilation 
should be made possible by a slit of 2 
cm at the top and the bottom of the 
windows whereas the sides have to be 
closed. In the case of small windows 
(max 3 panels) and in the maze work 
the stained glass should be open to all 
sides as much as possible. Recommen
dations for the construction and the 
materials used for the protective glaz
ings are described in detail in a separate 
paper.

Remarks on the churches of Lojsta, 
Rone, Etelhcm and Dalhem

The Swedish glazier did a rather good 
job. Taking out of the stained glass, 
transport and in most cases replacment 
of the glass as well as the installation of 
the protective glazing were well done. 
Some adjustments however are consid
ered necessary for Lojsta, Rone Dalhem 
and Etelhem.

Lojsta: One panel is bent and all 
top panels are under pressure. Opening 
of the ventilation by tilting the top and 
bottom panels forward or lengthening 
of screws to bring the stained glass 
more to the interior is suggested.

Rone and Dalhem: Bottom panels 
should be tilted forward to open a ven
tilation slit. Sides should be closed by a 
lead sheet. If necessary use a strip of
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lead in the interspace or on the protec
tive glazing to prevent stray light.

Etelhem: Adjust the position of the 
panels in the tracery to overcome stray 
light. Keep the glass open to all sides. 
The same goes for the lancets.

Recommendation for the Lye stained 
glass

Compared to the other windows of 
Gotland churches, the Lye panels are 
endangered because of loose paint. 
Therefore extra care is necessary in tak
ing off the panels and in packing and 
transportation. It is necessary to have 
the restoration workshop present at all 
stages. The resetting system has to be 
decided at the same time. As to the ma
terials to be used and the conservation 
methods (fixing of loose paint, clean
ing, etc.) final decisions should be made 
in the workshop with experts from 
both RAÄ and the workshop and some 

other experienced institutions. The re
setting and the installation of the pro
tective glazing should follow the crite
ria elaborated in part 1 of the recom
mendations.

Maintenance

For the preservation of the stained glass 
in the churches we suggest regular visi
tations. These visitations may be made 
by parish members or by representa
tives from the responsible authority/ 
museum. Criteria are listed in a check 
list to facilitate the observations. Fur
thermore, the photo documentation 
produced in connection with the con
servation work is available as a valua
ble reference for comparative studies.

Aesthetic aspects

To improve the optical impression it is 
recommended that certain particularly 
light glass areas are made somewhat 
darker by suitable means. This con
cerns areas near the edge of some origi
nal glass pieces and certain complete 
pieces added later.

Environmental control in whole 
churches

It is recommended to amend heating 
and ventilation of the churches to im
prove the overall inside climate, impor
tant for all objects of art and the fur
nishing of the building.

Recommendation for the 19th century 
stained glass

During our visits to the various church
es on Gotland it was realized that the 
amendments made in the 19th centuary 
are of high quality and match the origi
nals in a proper way. Therefore we sug
gest that similar care as to the medieval 
glass should be taken to these panels as 
well. In the long run they will be endan
gered in the same way as far as paint is 
concerned. Generally the same is true 
for all 19th century stained and painted 
glass everywhere in Sweden, that is why 
we recommend to protect them in the 
same way.
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Plaster and mortar for 
restoration purposes
Jan Gullman and Mille Törnblom

Overview
Within the context of heritage conservation, both in Sweden and abroad, 
several projects are in progress, aimed at finding suitable criteria for the 
documentation of old mortar and for deciding what is suitable mortar for 
pointing and plastering in the restoration of buildings of historic interest. 
The objective of this work is to obtain mortar satisfying requirements of 
authenticity and maintenance-friendliness. Practically all these projects are 
based on available knowledge of old processes and analyses of old, surviv
ing plaster and mortar specimens. The working methods chosen are often 
constructed in such a way that an attempt is made to reproduce earlier 
techniques and in this way recreate previous material qualities.

In the restoration context, experience of mending with mortar with a 
matrix of Portland cement or of a mixture of pure lime and Portland ce
ment has been discouraging. Above all, mortar of this kind has been found 
to be so hard that movements in the masonry cause surrounding material 
to crumble. It is therefore universally agreed that “cement" must not be 
used and “lime” must be used instead. In recent years, therefore, tradition
ally burned, wet-slaked or, preferably, earth-slaked “Gotland lime” has 
been used for restoration. Very often, though, the results have been noth
ing like as positive as expected. Above all, there have been cases of mortar 
being flushed out of joints by autumn and winter rainfall.

To supplement other work in progress within the Central Board, a 
project has been inaugurated for the materials characterisation of mortar, 
based on the methods which have been developed for industrial character
isation of mortar and concrete. The aims of this project are as follows:

1. To identify material characteristics determining the viability of a restora
tion mortar in the environment of existing material where it is to be 
used.

2. Devising methods for checking these properties, both on mortar from 
old structures and in newly manufactured mortar.
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3. On the basis of the knowledge acquired, drawing up recommendations 
and regulations for adapting the material properties of the newly made 
mortars to the requirements of various specific cases.

An introductory pilot project has been conducted in the form of work com
missioned from Euroc Research in Slite. This work proceeded by two stag
es. The first comprised a compilation of earlier archive data on composi
tion and other characteristics, prepared in the laboratory by analysing ear
lier mortar samples, and also a collation of existing and potentially suitable 
methods of characterisation. The second stage involved investigating, by 
experiments on samples of newly made mortar, the extent to which a 
number of selected test methods can distinguish between properties of the 
different grades of mortar tested.

Simultaneously with this commissioned work, we tried to put matters in 
perspective by asking questions connected with the processing of building 
conservation transactions, by listening to colleagues in the field of heritage 
management and by pursuing certain studies of literature. A simple ac
count will now be given of the result of work so far, mainly with regard to 
questions concerning attitudes and working opportunities in this multidis
ciplinary field.

The history of mortar in brief
According to Lea (1970), mortar based on burned limestone was used very 
early on by the Greeks and earlier still in Crete. The Romans must have 
learned this from the Greeks. The mortar was produced, just as nowadays, 
by slaking the quicklime and mixing it with sand and water to a suitable 
consistency. Mortar technology developed slowly in the ancient world, 
but, like so much other knowledge, was lost during the Great Migrations 
(Bilde 1940).

Latter-day students of the remains of buildings from the ancient Roman 
Empire have been struck and impressed by the hardness of Roman mortar, 
and much speculation has been devoted to searching for presumed ancient 
secrets on the subject. Even today, the tale is frequently told of dead cats 
and other things being mixed into the mortar. These stories are not entirely 
groundless. Already in 1856, we find Rothstein writing that there is no 
reason to suppose that there are any lost secrets which might explain the 
high quality of old mortar, but even today (or once again today?) there is 
much puzzlement regarding secret additives which imparted superior 
properties to the mortar of ancient times.

We are living in an age when we have become increasingly aware that the 
building materials and techniques used in recent decades have not always 
exclusively conferred the benefits anticipated but have also entailed consid
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erable disadvantages. This awareness has made us more conscious of the fact 
that the techniques and materials of earlier ages had a number of advantages. 
We need to acquire a more balanced picture of the advantages and disadvan
tages of both earlier and more recent techniques and materials.

Different kinds of mortar
The mortars to be considered here are based on high-temperature treat
ment of calcareous rocks, with or without the intentional addition of clay 
mineral. Clay mortar and asphalt mortar will not be dealt with here. The 
main categories employed below have been based on the terminology used 
by Bilde (1940):

1. Gypsum-based mortar was used a great deal in Ancient Egypt and is still 
used for stucco and suchlike work indoors. But gypsum (calcium sul
phate) dissolves so readily in water that these mortars do not survive for 
long in our outdoor climate.

2. Quicklime mortar is produced by burning limestone which consists of 
almost pure calcium carbonate. The burning forms quicklime, calcium 
oxide, which when slaked with water turns into slaked lime, calcium 
hydroxide. Quicklime mixed with sand and water forms a mortar which 
hardens by reacting with atmospheric carbon dioxide to form calcium 
carbonate.

3. Pozzolain mortar is produced from slaked lime with the addition of a 
finely crushed reactive mineral, containing silicate and aluminate, and 
water. Sand may also be added. The reactive minerals used are mainly 
volcanic rocks like pozzolana, trass or santorine. These have sometimes 
been replaced with crushed brick dust, blast furnace slag or various oth
er suitable vitreous silicates. In the hardening process, the lime reacts 
with water and the pozzolain substance, forming gel-like substances 
which bond together the grains of sand in the mortar, without any at
mospheric carbon dioxide having to be added. Mortar which only needs 
water, and not air, in order to set, is called hydraulic.

4. Roman cement is made by burning argillaceous limestone—marl—or a 
mixture of pure, pulverised limestone and a suitable quantity of clay, in 
essentially the same way as when making quicklime. Burning takes place 
at temperatures of up to about 1,000 degrees, but not so high that the 
material begins to sinter. Mortar prepared from Roman cement with 
suitable amounts of sand and water added is also hydraulic. With lower 
argillaceous content it is also partly a quicklime mortar.

5. Portland cement (in the present-day sense) is made from essentially the 
same initial materials as Roman cement, but in carefully balanced pro
portions. In the course of burning, a high enough temperature has to be
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attained for sintering to occur. The cooled and fine-crushed product 
constitutes the binding agent in mixtures with sand and reacts with wa
ter to form similar compounds to those in Roman cement, but the result 
is a material of far greater compressive strength.

The first four types were known in ancient times but to a great extent 
lapsed into oblivion following the upheavals of the Great Migrations. Port
land cement was first manufactured in the 19th century, 1844 being usual
ly given as its birth year and Isaac Charles Johnson as its real inventor. 
Joseph Aspidin, it is true, already had a product called “Portland cement” 
on the market, but that should be regarded as a variant of Roman cement, 
because it was not burned at a high enough temperature for sintering to 
occur.

Cement and reinforced concrete have been the central materials of mod
ern building. Qualitative improvements quadrupled the tensile strength of 
cement between 1862 and 1933. It was above all high strength and density 
that were aimed for (Blide 1940). Since then a good number of additional 
cement grades have been developed.

The terminology of mortar and cement is rather a jungle, the same 
terms having been applied to completely different things at different times. 
“Cement”, for example, until about the mid-19th century, generally denot
ed pozzolain substances which could be added to slaked lime to make a 
hydraulic mortar (e.g. Kemisk Teknologi 1868). In everyday speech nowa
days, “cement” always means Portland cement.

Clearly, then, our present everyday terminology, distinguishing only be
tween “lime mortar” and “cement mortar” is a rough and ready instru
ment for heritage management purposes. Mortar and concrete can be pro
duced with a wide variety of properties. To be sure of using the right prod
uct in the right connection, one must, first and foremost, be capable of 
indicating the properties aimed for in each particular case. Only then does 
one have the requisite grounds for looking for suppliers capable of deliver
ing the material one needs.

The attempts which are now being made to produce “traditional ma
terial” by emulating the technology of earlier times may perhaps give rise 
to serviceable products, but they have one defect: they do not make use of 
existing knowledge of mortar technology or of long since developed 
methods for characterising properties. Use of this knowledge leads more 
rapidly and reliably to the end in view, namely that of producing what 
heritage management needs: serviceable mortar for various restoration 
purposes.

Old mortar can be viewed as historical testimony, a vehicle of art his
tory, a traditional building material and so on. These justifiable views 
should also be combined with a materials-scientific and materials-tech-
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nological view in terms of quantifiable properties of materials. Not that 
the latter mode of description is to supersede any of the earlier ones: it 
must be added as a practical, necessary adjunct, so that useful results can 
be obtained without time-wasting, costly experimentation.

Earlier burning procedures demand comprehensive experience in or
der to obtain a quality comparable with that once achieved by experi
enced lime-burners. Modern kilns with different methods of temperature 
control provide superior possibilities of achieving the conditions desired. 
Attempts at burning in the old-fashioned way will be purely symbolic 
without a command of the technology. Given mastery of the old tech
niques, lime burning is a continuation of a tradition and, accordingly, 
part of a living cultural heritage. It seems doubtful, however, whether a 
product could be made at a competitive price and in the same way as a 
hundred years ago. For one thing, considerations of occupational safety 
and health will probably necessitate certain changes. Besides, according 
to Hagerman (1948), the old techniques were based on experience of 
how easily or otherwise different limestones burned, and also of the slak
ing procedures appropriate for one sort or another.

Pilot studies now completed
This work forms a basis for continuing studies of characteristics in a 
mending mortar which have a bearing on its efficiency together with ex
isting materials, both older mortar and various underlay materials, such 
as stone or brick. Only part of point 2 of the objective has been dealt 
with, and much work remains to be done before the objective can be 
achieved. This materials sector is very difficult to master and has previ
ously been studied with varying degrees of success (e.g. Teutonico et al. 
1995). The results of other current projects in progress at the same time 
within the Central Board may possibly provide the answers to certain 
questions in the objective. In one report published in 1994, Old lime 
mortar of good durability —analysis and evaluation, various methods for 
characterising old lime mortar are described and assessed. A crucial ques
tion concerns what is the most viable way to achieve results—a way of 
preparing serviceable restoration mortar. Is it by way of analysing the old 
mortars or is it on the basis of present-day knowledge of the characteris
tics of an efficient mortar adapted to existing materials?

The nomenclature and requirements for binding agents in mortar are 
described in Svensk Standard SS 13 41 10, where both the non-hydraulic 
and hydraulic binding agents are defined and requirements stated with re
gard to certain properties (Interim Report 2). Methods of measurement 
and testing are divided into the following:
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1. Physical methods for ready-made mortar.
2. Chemical methods for ready-made mortar.
3. Methods for determining structural properties of ready-made mortar.
4. Physical methods for partial material.
5. Chemical methods for partial material.

In group 1, Physical methods, shrinkage, creep, Young’s modulus, water 
retention, mechanical strength, rheology and properties as per SS 13 41 11 
are relevant for our purposes. SS 13 41 11 describes methods for determin
ing consistency, volume constancy, rate of setting, sieve residue, water sep
aration, air content, compressive strength and bulk density.

Group 2, Chemical methods, offers two techniques: dissolution and 
thermogravimetry. In dissolution, an effort is made to determine CaO con
tent and, respectively, soluble and insoluble Si02. From these concentra
tions, one can determine the lime content and cement content of the mor
tar. Using thermogravimetric methods, one can, for example, establish the 
degree of carbonation in a mortar.

Structural properties of mortar, group 3 above, are permeability, partly 
in the form of water penetration and partly as gas penetration. The specific 
surface is determined by gas adsorption technique and supplies informa
tion concerning the openness of the material, for example, to gaseous con
taminants.

For group 4, SS 13 41 11 applies, while for group 5 there is no special 
collection of methods.

Because there is some hesitation regarding the characteristics which are 
relevant for deciding the suitability of a traditional mortar, and also which 
methods can be used for discriminating mortars from each other in terms 
of properties, a short series of tests was conducted in order to provide 
indications of the properties most clearly differing between different types 
of mortar used in the conservation of buildings. The investigation was con
cerned with methods of determining characteristics, not materials.

Five known and well-defined mortars provided the starting point for 
preparing the test material. In all mortars, the binding agent/ballast ratio 
by weight was 100/750. The binding agents were:

Rec 1: Wet-slaked lime (lime paste)
Rec 2: Dry-slaked lime (lime hydrate)
Rec 3: Lime hydrate and silica in a ratio of 96/4%
Rec 4: Jura lime, i.e. a hydraulic lime
Rec 5: Lime cement consisting of 90% lime hydrate and 10% Std P cement.
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The methods of characterisation tested can be divided into four areas:

Mechanical strength: Compressive strength, bending strength, shrinkage, 
creep and Young’s modulus.

Physical methods: Specific surface and gas permeability.
Chemical methods: Thermogravimetry and acid solution.
Structural analysis: Thin section microscopy.

Preparation of samples involve certain problems, because carbonation 
took a very long time, especially in the case of the mortar prepared with 
lime paste and sand. These specimens were not thoroughly carbonated 
when testing took place.

The test results concerning strength did not reveal any significant differ
ences between the various materials. This may be partly because a mortar 
does not achieve full strength until after some time, when it is fully hard
ened. It is also a known fact that properties change with the passing of 
time. Probably this change is continuous, which does not only imply ageing 
with a deterioration of properties. All methods for investigating mechani
cal strength are applicable to the mortars investigated.

As regards gas permeability, considerable differences are apparent from 
the results. The gas flow through the test piece is a good deal higher for the 
mortar with lime paste as a binding agent than for the other mortars, and it 
is lowest for the material containing cement. It is interesting to note that 
for three of the mortars—dry-slaked lime, lime with silica and lime con
taining cement—the order of magnitude is the same, i.e. approximately 
80% less than for mortar made from lime paste. The mortar containing 
Jura lime has a permeability equalling about 40% of that of the lime paste 
mortar.

Rec 1 Rec 2 Rec 3 Rec 4 Rec 5
Flow
(cmVmin) 1,125 280 233 460 196

Permeability
(m2 1014) 12.9 3.20 2.66 5.26 2.24

Determination of the specific surface yielded interesting results. The two 
quicklime mortars differed from those with various hydraulic additives, 
which displayed values of the same order of magnitude. The mortar pre
pared from lime paste showed a lower value, about 60% of those for the 
hydraulic mortars, while mortar prepared from dry-slaked lime had a val
ue which was three times as high.
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The results of the chemical analysis serve above all to illustrate the diffi
culty of interpreting analytical results for this kind of material. Owing to 
the way in which the experiment was constructed, the composition of the 
test material was known. When scrutinising the results of analysis, it was 
realised that there was scope for several interpretations of tests of this kind. 
TGA analysis also fails to give firm interpretations if, for example, the 
ballast includes crushed limestone.

Thin section microscopy is a method of analysis which can supplement 
the chemical analysis by yielding information which facilitates or is even 
essential for a dependable interpretation of the analytical findings. In addi
tion, the thin section yields information on the distribution of structural 
properties of importance for the character of the mortar, e.g. the appear
ance and distribution of the pore system, crack systems, the occurrence of 
limestone ballast and so on.

The tests lead to the conclusion that all methods are applicable to all 
types of newly made mortar of interest for heritage conservation purposes. 
Certain findings also indicated interesting differences between the materi
als investigated, especially with regard to the character and size of the pore 
system. No further comment is offered on this, since we were not con
cerned with studying materials, but the results are of interest for future 
studies. A sequel to this work will have to be planned in consultation with 
other projects within RAÄ (Central Board of National Antiquities) and 
elsewhere.
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Digital imaging - new 
possibilities for heritage 
management
Lars Kennerstedt

Documentation of those parts of our heritage which are threatened with 
degradation is at the centre of the Air Pollution Programme’s activities. 
Capturing the state of and changes in the exterior of matter in pictures is 
the only “objective” documentation on which one then builds a knowledge 
of ways in which degradation can be restrained. Earlier and contemporary 
pictures of heritage objects, therefore, are a basic essential when trying to 
understand the mechanisms of degradation. Pictures, of course, are also 
independent testimonies concerning heritage objects, and their informative 
value extends far beyond the Air Pollution Programme. Whatever the 
sphere of application, heritage management is greatly in need of readily 
accessible images which can be presented with good quality.

Computers, software and printers have developed with immense rapid
ity between 1992 and 1995. In recent years, the technique of transmitting 
digital information by cable or satellite has drastically reduced geographi
cal distances. The handling of digital images has been greatly simplified 
during this period. Analog or traditional image handling will continue si
multaneously for a long time to come, but digital handling is likely to be
come paramount within a few years. The digital image is in all technical 
respects superior to the analog, given high-grade equipment and profes
sional handling.

One thoroughgoing consequence of the use of digital images and their 
storage media is that colour pictures can be used. Colour film, which ages 
after quite a short time, has not been a good documentation medium. Digi
talisation avoids these physical weaknesses. The lifetime of an image in dig
ital form is, theoretically speaking, infinite. Only the storage medium needs 
to be renewed. The smallest information-bearing components of the image, 
pixels, are described as ones and zeros, which can be copied and renewed 
without any information losses. Images, therefore, can also be distributed to 
an infinitely greater number of recipients than before. At present, the best 
long-term storage medium is CD-ROM. Its physical lifetime is estimated at 
between 50 and 100 years. Archives accept this medium but of course as-
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sume at the same time that routines will be introduced which keep its infor
mation alive, and also that formats will continue to be readable in future.

Within the Air Pollution Programme, experiments were initially conduct
ed with digital image databases and direct digital cameras. Both hardware 
and software, however, were found to fall short of our requirements of image 
quality and rational handling. Only in 1993 could we begin to define objec
tives based on technical reality and realistically feasible, at reasonable ex
pense. The Stone and Photo Departments of RIK (Conservation Institute of 
National Antiquities), acting in close collaboration, have begun building up 
wide-ranging competence in the field of digital imaging and have begun 
work using the new technique. The objectives, which have been partly or 
wholly achieved in recent years, can be summarised as follows:

D Independent capacity for producing archival colour pictures on paper 
with a colour copier.

D New photography, using colour film only.
D Digitalisation and recording of about 20,000 images in the Stone and 

Photo Departments relevant to the Air Pollution Programme.
□ Network distribution of images and texts from the database.
D Printout of digital images on ordinary copying paper and on photo

graphic paper.
D Production of reports and other documents using digital techniques.
D Digital support for graphic description of materials and damage.
D In-house scanning of film and other image material.

Work on digital images in recent years has convinced us that information 
technology enables us to make better use than ever before of pictorial in
formation content.

The colour copier
The procurement of a colour copier in 1993 enabled us, for the first time, 
to use colour illustrations in our conservation reports and other docu
ments. Colour, of course, means more complete reproduction of the prop
erties of the objects photographed. Since, up till now, ordinary colour pho
tographs on photographic paper have been less durable than monochrome 
paper prints, colour pictures occurred mainly in the form of slides, for 
publication or teaching purposes. Only monochrome paper prints, mount
ed on acid-free cardboard, were considered to be of archival quality. But 
copying of colour pictures on Svenskt Arkiv (80-100 g) gives archival 
quality copies, at the same time obviating the time-consuming process of 
mounting. Another important aspect of the transition to colour copying 
was that the copier could reproduce the pictorial material with virtually
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photographic quality. Accordingly, the pictures taken since 1993 have been 
almost exclusively colour pictures, either on negative colour film or as 
slides.

The colour copier we use is a Canon CLC 500 digital four-colour copier, 
capable of printing out on paper and OH film in A4 or A3 format. In the 
book scan mode, copies can be produced in up to A3 format: the zoom 
ratio is between 50 and 400%. In addition to book-scan mode copying, it 
is also possible to copy from film. In addition, the copier has been in use 
since 1994 as a colour printer, together with an RIP (Raster Image Proces
sor). The copier reproduces a continuous colour tone in 256 grey-scale 
stages with 400 dpi. The image quality is especially good when using a 
digital image as the source. The colour copier and RIP are connected to a 
Macintosh computer with good performance.

Much use is being made of the colour copier within the Air Pollution 
Programme. Images are quickly obtainable in the book scan mode and from 
film. As stated earlier, the images are used as illustrations for reports and as 
working material, partly as a basis for field documentation of materials and 
damage. Furthermore, it is now easy to produce overhead transparencies 
with good image reproduction for teaching, seminars, briefings etc.

The photo printer
Access to a Fujix Pictrography 3000 photo printer enables us to print out 
digital images on photographic paper in A5 or A4 format. The image qual
ity is at least as high as with conventional monochrome photocopying, and 
for colour copying it is a good deal better. It is also possible to produce very 
high quality overhead transparencies. The printer supplies images in the 
RGB mode (three-colour) with up to 400 dpi. This printer is also connect
ed to a Macintosh computer.

The image database
Lack of efficient systems for recording and searching for photographs has 
made it hard to find one’s way in RAÄ’s (Central Board of National An
tiquities) picture collections. Searching for a particular item or certain 
types of subject has for the most part been very time-consuming and one 
has seldom been able to find what one has been looking for within a rea
sonable length of time. Already in 1988, when the Air Pollution Pro
gramme began, efforts were being made to build up digital registers to give 
a more efficient overview and handling of images, but it was not until the 
beginning of the 1990s that we considered the time to be ripe for starting 
this build-up in earnest. By then, technical progress had reached a point 
were our requirements could be met in the most important fields:
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□ Computers (PCs) had acquired the processor power and graphic per
formance needed for handling digital images.

□ Database programs were available in a PC/Windows environment, 
showing image and text information together on the same screen.

□ Film digitalisation could be undertaken rapidly and on a large scale 
without any pictorial information being lost in the process; the tech
nique used was Kodak’s Photo-CD.

□ The cost of using the technology had become acceptable.

In 1993 the Stone and Photo Departments of RIK embarked on the digital
isation and Photo-CD transfer of photographs of their own with a direct 
bearing on activities under the Air Pollution Programme. As things now 
stand, this involves about 20,000 images, most of them taken between 
1977 and 1995; about half of these have now been digitalised. Most types 
of stone object are represented, e.g. rock carvings, runestones and building 
decorations. The images amply reflect RAÄ’s measures relating to histori
cally interesting and dressed stone. The earlier pictorial material in this 
collection provides invaluable documentation of the state of the objects 
and the extent of remedial measures, because written documentation used 
to be scanty or non-existent. There are also pictures of other materials 
besides stone. Since 1990, RIK has been documenting materials and dam
age in our non-State-owned historic buildings. In this connection, faęade 
and roofing materials of all kinds are being recorded; see chapter Historic 
buildings of stone.

By taking Photo-CD as our starting point, we are able to get the best out 
of the pictures, both for screen presentation and for printout. Starting with 
miniature colour film (24 x 36), an uncompressed image file of about 1.1 
MB can in practice fill a computer screen with a resolution of 800 x 600, 
which is common with 17" screens. If one chooses to employ maximum 
resolution for all image information (3,072 x 2,048 pixels), this means an 
uncompressed file of about 18 MB, which is sufficient to print out or re
produce a picture of good photographic quality in A4 format.

To make the images retrievable, a database application has been created 
in a PC/Windows environment (in Superbase 95). This has resulted from a 
joint project undertaken by the Stone Department and Miljödata AB of 
Karlskrona. The principle of the image’s journey from film original to da
tabase can be described in the following way:

1. Film is marked and sent for digitalisation and transfer to Photo-CD. The 
film is stored in the best possible way to maintain its status as original, 
with the possibility of its being digitalised by other techniques at some 
future date.
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2. The image is picked up from Photo-CD’s level 3, corresponding to 768 x 
512 pixels, in uncompressed 1.1 MB format for colour. It is adjusted 
slightly to make it as clear as possible on the computer screen, and given 
a file name matching that of the physical film. A duplicate is created but 
scaled down to 192 x 128 pixels, to serve as a small search image in the 
database.

3. The image is compressed with JPEG technique, so that in stored form 
the large image is reduced to about 70 KB and the small search image to 
about 4 KB. Monochrome pictures are slightly smaller. The degree of 
compression is selected so that no deterioration of quality will be expe
rienced on the screen.

4. The uncompressed images are stored away on DAT tape for subsequent 
use if they are to be converted to other file formats. The JPEG images are 
stored on the hard file of the database for subsequent recording.

5. Every Photo-CD, holding about 100 high resolution images from 24 x 
36 film, can be retrieved from the image database. If an uncompressed 
high resolution image is preferred, then for the time being the CD has to 
be collected manually from “the archive shelf”. It is technically feasible, 
however, for these CD images to be directly called up and used digitally 
from an application connected to the database. The discs are then stored 
in a “jukebox” or else the individual image files are stored on hard files 
with extraordinary storage capacity.

The text data with which every image is provided can be said to fall into
three groups:

1. Administrative data, e.g. concerning geographical location, subject and 
date. These concepts tie in with current standard, thereby creating the 
possibility of linking up with other files, not least in heritage conserva
tion.

2. Data concerning materials and condition, e.g. types of rock, rock names, 
types of damage and condition; data recurring in the various material 
files of the Stone Department.

3. Photographic data. Since the Air Pollution Programme started, various 
groups of objects have been systematically photographed to follow the 
course of change. Particulars concerning the occasion of photography, 
such as date, time, weather conditions, type of film and purpose of the 
photography, are therefore important to the photographer as an aid to 
repeating photography under similar conditions.
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The images are presented and searched for in a number of different forms. 
The main form can be compared to a traditional index card with a “glued- 
on” image (Fig. 62). This contains all particulars about the image, and this 
too is the point where it is recorded. Several composite conditions can be 
defined in the search form. The reply can be presented on the screen or by 
printer. In one position, the replies come in several “thumbnails” (Fig. 63). 
One then selects a certain picture with the cursor and clicks with the 
mouse, whereupon it is displayed full size. In the search form too, one can 
choose a large image directly or a reference image with a subject for com
parison. This is especially useful, for example, if one wishes to follow a 
process of change (Fig. 64). When printing out from the search form, the 
images can be printed out one by one full size or else several together. The 
software also permits printouts of image data in tabular or statistical form.

By the autumn of 1995, about 3,000 images had been recorded. In Octo
ber 1995, the database application will be transferred from single users of a 
few PCs to a Client-Server environment. The number of recorded images will 
then grow rapidly, as more people record their own images against a com
mon database. Recording of new photographs has been facilitated in recent 
years by the persons taking pictures in connection with conservation also 
writing picture lists. From these the photographs are easily identifiable. Our

Foto - urval - C:\SB30\FOTO3JPG\FOTO2 Indexed on Nr_diqbeteckn

Fig. 62. The RIK image database. Forms showing all text data and image.
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Fig. 63. The RIK image database. General reply frame.
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Detalj V pi lastern, inskription i kartusch
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Fotodatum 1992-05-18

Motiv Korportalen
Motivdatum 1668
Detalj [Vpilastem.inskriptioni kartusch 
Fotosyfte Slutbesiktning/efter konservering 
Fotodatum 1992-06-12

Fig. 64. The RIK image database. Reply frame for comparative studies.
MUM INS
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professional photographers also prepare for digitalisation and recording of 
images by supplying them with key data in the field.

Earlier image material in our official archives, ATA, will before long pro
vide an important addition to the database. It will be particularly important 
to include specially endangered runestones and rock carvings to which we 
are devoting extra close attention. Some of this material is more than 100 
years old. Digitalisation will be done using our own flat-bed scanner.

Our aim is to make the image database available to all interested parties 
in the heritage conservation sector, and especially to county museums, 
county administrations and municipal authorities. It therefore seems ap
propriate at the present stage to prepare a version of the database on 
RAÄ’s intended World Wide Web server for connection to the Internet.

As regards other image databases at RAÄ connected with the Air Pollu
tion Programme, special mention should be made of the rune damage reg
ister, which is being built up by the RAÄ runologists, as a support for the 
supervision and maintenance of runestones. Previously it existed in the 
database manager ORACLE, but in 1993 it was transferred to Superbase, 
which made it possible for image and text to be displayed on one and the 
same screen. The materials and conditions of more than 1,000 runestones 
have been recorded. Images are currently lacking for most of the items, but 
work is in progress on adding them.

Desktop and graphic tools
From the very outset, one overriding aim of work with digital images has been 
to improve the documentation of our activities. Our concern has been to 
streamline production of reports and other documents and to improve image 
quality. Now that we have procured the necessary hardware and software for 
DTP, we are in a good position to accomplish our original objective. By the 
autumn of 1995 we had produced three reports in a Macintosh environment, 
printed out on the colour copier. The next thing will be to disseminate knowl
edge of this technique to more users. The main novelty is that digital images 
(bitmap format) and other graphic documents, such as drawings (vector for
mat) are handled integrally with word processing. Processing of a digital image 
can, for example, include cropping, scaling, colour change and focusing. So 
far, much development work has been devoted to achieving the right colour 
balance when printing out Photo-CD images on the colour copier, from three- 
colour/RGB to four-colour/CMYK, and we now believe ourselves to have 
found serviceable methods.

Image processing and drawing programs are accompanied by a number of 
very useful graphic tools which will facilitate the documentation of materials 
and damage. One common method is to make a limited area of a drawing or 
image denote a certain type of material, damage and intensity of damage. A
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certain type of surface may be distinguished by a certain pattern and/or a cer
tain colour. In the Stone Department we have now developed a standard pat
tern to be complied with for this form of documentation, which will begin to 
be used in the autumn of 1995 (see Figs. 10, 48). With this method we will 
achieve rapidity, precision and uniform appearance of documentation.

Another application for graphic tools will be the production in input data 
for documentation. With an abundant supply of digital images, we can easily 
print them out on ordinary A4 or A3 paper to serve as basic sketches and 
drawings for documentation work in the field. The appearance of the subject, 
however, must be such that writing, pattern and colours stand out clearly. So 
far, the best method in connection with conservation has been to put an A4 
sheet on a photograph, over a light box, and then draw in the outline of the 
subject. The result is a simple linear and distinct drawing. For rapidly obtain
ing basic drawings from a digital image, one can use effective filters in image 
processing programs which trace contours. In areas where light pixels meet 
dark ones, lines are created. The original must have a proper balance between 
light and shade. If one wants to refine the drawing character of the newly 
created image, one can vectorise it, which also makes it scalable (Fig. 65 a, b). 
Another method of using the digital image for field documentation is to make 
it very light, with low contrast, and at the same time to remove the colour.

Fig. 65 a, b. Gislöv Church, south door. Image on the right digitally converted into 
a line drawing, partly for damage documentation. Photo Lars Kennerstedt.
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Continuing work
Digital imaging activities under the Air Pollution Programme should con
tinue with undiminished vigour. Much of the basic learning and develop
ment work has now been completed. The thing now is to disseminate use 
of the technique to colleagues. More people will be recording their images 
in the database and working with DTP. The “picture mountain” accumu
lated over the years needs to be recorded, which will demand extra work 
input. First-time photography routines can presumably be improved still 
further, in order to prepare and facilitate digitalisation and inputting. All 
film is still to be digitalised, for the time being on Photo-CD. One conceiv
able development task for the next few years is the adaptation of a direct 
digital camera for activities. There is much that can be done with various 
graphic tools. Within the near future, with more powerful laptops, it is 
predictable that documentation of materials and damage will be done dig
itally in the field. The best way at present of distributing the image data
base to a greater number of users, both in Sweden and further afield, is by 
way of the Internet. We should therefore lose no time in starting work on a 
version to be placed in RAÄ’s World Wide Web server.

Digital imaging is a field of very rapid technical progress, and this takes 
time to keep up with and assimilate. Happily we have been able to build up 
our own competence, with outside support. To a great extent, our choice of 
software and hardware for functional efficiency and quality has been guid
ed by the needs of our own activities. Only by setting aside resources for in- 
house competence in this field could we have come as far as we have today.
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Summary
Ulf Lindborg

The main emphasis of measures between 1992 and 1995, as in the preced
ing period, has been on objects of natural stone, above all sculpted stone in 
portals and other building decorations. Many types of stone are very sensi
tive to environmental impact, and the results of an inventory of damage to 
about a hundred historic buildings confirms that natural stone has suffered 
most damage. Another material with relatively extensive damage is roofing 
sheet.

Rock carvings have also been found to be specially prone to damage. It 
is apparently dry deposition of air pollution and alternating drought and 
runoff combined with sea salt which in many cases lead to selective weath
ering and scaling of material, with the result that the carved figures are 
liable to be coarsened or entirely obliterated. The remedy may be building 
over, to give an environment free from rain and condensation, or covering 
over with soil. An architectural competition has yielded many interesting 
ideas with regard to the build-over option. Three sets of rock carvings have 
been covered over.

Runestones present some damage, but the situation here is rated less 
alarming than in the case of rock carvings. Just as previously, an annual 
maintenance programme is being operated whereby about 50 stones are 
cleaned and painted and if necessary mended. No consolidation treatments 
take place.

Stone decorations and profiled stone on about 200 buildings have been 
conserved under the programme since 1988. Most of the objects have con
sisted of Gotland sandstone, which is being cleaned, repaired and in most 
cases consolidated with tetra etoxy silane, Steinfestiger OH. Conservation 
always means altering the object, and the choice of conservation method is 
a matter of compromise. Tetra ethoxy silane gives the stone a somewhat 
harder and both chemically and mechanically more resistant surface, but 
drying is impeded if the stone has become wet, which is a disadvantage. 
Our present view is that consolidation with tetra ethoxy silane is beneficial 
in the majority of cases but should be avoided if the stone contains salts.
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The programme inventory “Natural stone in buildings” has identified 
about 5,000 buildings in Sweden constructed before 1940 and incorporat
ing sculpted or otherwise worked stone. The 200 buildings whose decora
tions have been conserved represent, numerically, 4% of this stock. It is 
invariably the most richly sculpted details that have been conserved. Thus 
it has been possible to treat a large proportion of Sweden’s most valuable 
stone decorations in need of conservation. The biggest project in 1995-96 
is the conservation of seventeen sculptures on the faęade of Nationalmuse
um in Stockholm. These are of Carrara marble and are severely damaged 
in parts.

Bronze sculpture is subjected to serious discoloration by polluted air 
outdoors. Deep damage to the metal is rare, however, and we do not con
sider the bronze itself to be in danger. Any conservation treatments should 
be aimed at preserving the patina and avoiding discoloration of the sur
face. It seems misguided to interfere with and destroy the patina—as has 
previously happened on occasion—in an attempt to provide further pro
tection for the metal beneath.

Degradation of archaeological objects in soil has been studied in a com
prehensive project. This work has attracted a great deal of interest, both 
internationally and in Sweden. Apparently this is the first time that both 
soil chemistry and archaeological aspects, such as burial practices etc., 
have both been included in a broad-based survey. Various archaeological 
conditions have been found to make an important difference to degrada
tion.

Degradation increases with the depth at which the object lies beneath 
the ground surface, so long as it is located above the water table. The soot 
in cinerary graves also accelerates degradation, probably through galvanic 
corrosion of the surface of the metal.

Archaeological finds from the West Coast of Sweden tend to be more 
badly damaged than those from other parts of the country. The impact of 
soil acidification during recent decades remains uncertain, but comparison 
of archaeological objects in museum collections shows the best-preserved 
finds from the 1990s to be in worse condition than those from the 1870s.

Conservation of medieval stained glass has continued. Of the most im
portant medieval stock, only the windows in Lye Church now remain to be 
treated. The damage has proved to be due to water condensation combined 
with air pollution. The most important protective strategy is to provide the 
windows with external protective glass and with suitable ventilation gaps in 
order to avoid condensation. In September 1995 the Central Board of Na
tional Antiquities convened an international seminar in Visby concerning the 
stained glass windows of Gotland and their future preservation. The conclu
sions arrived at by the participants have been included in this publication.
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Industrial monuments have attracted rapidly growing interest in Swe
den during recent years. In this post-industrial society, it is essential that a 
number of sites from the industrial age should be rescued. The Air Pro
gramme has contributed expertise on materials and environment technolo
gy, and remedial programmes have been drawn up for hydro power sta
tions, lighthouses and ironworks. In one case, that of the Lancashire 
hearths at Karlholms Bruk, pilot restorations have been carried out.

All projects within the Air Programme demand comprehensive documen
tation, not least in photographic form. Modern techniques are needed. Un
der the programme, development work has proceeded on digital imaging 
which has advanced RAÄ to a leading position in the cultural sector in Swe
den with respect to numbers of digitally recorded and searchable images.
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