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Brief summary
Einar Mattsson and Anders G. Nord

Archaeologists in Sweden and in many other countries have observed that 
artefacts excavated today are more deteriorated than those found in the 
same region 50-100 years ago. The aim of the present project is to identify 
the parameters governing the decay of archaeological objects in soil. 
Although special attention is paid to the environmental acidification, other 
factors influencing the decay process are also taken into account, such as 
archaeological context, geographic location, climatic factors, land use, and 
the chemical and physical properties of the surrounding soil. The purpose 
is to obtain results which may be used in the care and preservation of 
archaeological remains.

In the first stage, the project was mainly restricted to archaeological 
bronzes, but bones were also dealt with to a minor extent. The work was 
carried out as an interdisciplinary collaboration between archaeologists, 
chemists, conservators, corrosion experts, geologists, osteologists and 
statisticians.

In a first report written in Swedish (Borg et al. 1995), compilations were 
presented covering the state of the art in different areas connected with the 
project, with the intention of forming a background for future investigation. 
In the present report some of these compilations are summarized in English, 
i.e.:

□ Archaeological remains and environmental threat
□ Metal corrosion in soil
□ Ground acidification in Sweden.

One main section of the present report deals with an investigation of the 
relations between the degree of deterioration of bronze artefacts and para
meters characterizing the soil and other conditions at the find location. The 
investigation included 66 bronze artefacts excavated during the period 
1993-1994 at Birka, Fresta, Valsta and Sollentuna, all located in the 
Mälaren region. Corrosion products and remaining metal cores were 
analyzed by SEM/EDS (scanning electron microscope) and X-ray powder 
diffraction. The most frequent corrosion products were cuprite, malachite 
and amorphous tin dioxide, but metal carbonates, copper chlorides, copper 
sulphates and copper phosphates were also rather common. About 200 
samples of soil have been taken near the objects for chemical analyses: pH,
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resistivity, weight loss on ignition, anion and cation concentrations, etc. In 
total about 20 000 numerical data were compiled in EXCEL data files. The 
data obtained were evaluated by statistical multivariate analysis (SIMCA-S 
system). The degree of deterioration for the bronze artefacts was related to 
168 variables: chemical and physical data, parameters for archaeological 
context, general environmental parameters, etc.

Another main section of this report describes the degree of deterioration 
of bronze artefacts in the collections of the Museum of National Antiquities, 
the City Museum of Göteborg, and the County Museum of Bohuslän. The 
artefacts have been excavated in different decades at locations in the 
Mälaren region and on the west coast of Sweden. A study of about 600 
bronze artefacts indicates that the deterioration seems to have accelerated 
during the last 50 years or so. Moreover, objects found at the Swedish west 
coast are generally more deteriorated than those excavated in the Mälaren 
region, presumably due to more acid deposition in the former region. It is 
also obvious that the archaeological context has a significant influence on 
the decay.

Among the conclusions drawn it may be mentioned that moisture and 
soot present in the soil surrounding the artefact were found to be important 
factors accelerating the deterioration. Further, finds located along pathways 
between the houses in the settlement of Birka were significantly more 
attacked than finds located within or near the houses in the same settlement. 
In addition, evidence was obtained indicating that chloride originating from 
road salting has caused severe pitting in the bronzes excavated at Fresta, 
where a road crosses the cemetery. As for the influence of soil acidification, 
the statistical analysis of bronzes from recent excavations in the Mälaren 
region as well as the study of bronze artefacts in museum collections indica
ted that acidification of soil at the object has increased the corrosion. It is 
desirable, however, to extend the investigation to include different acidi
fication characteristics, and further museum objects, as all the excavations 
have been made in the same region.

Regarding the decay of bones, studies were made of methods for deter
mining the degree of decay by visual inspection, by chemical analysis of the 
Ca/P ratio and organic matter in the remains.

The studies of archaeological bronze and bone artefacts now continues 
in a project called “Finds and Environment” (Fynd och Miljö), comprising 
an extension to new excavations as well as further museum collections. 
Inclusion of archaeological iron, glass and finds in urban culture layers in 
the future work is also being considered.

Contacts have been established with international projects in the same 
area for exchange of information.
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Sammanfattning på svenska
Einar Mattsson och Anders G. Nord

Arkeologer i Sverige och många andra länder tycker sig se, att de föremål 
som grävs fram idag är mer nedbrutna än föremål som för 50-100 år sedan 
grävdes ut i samma område. Detta projekt syftar till att öka kunskaperna 
om vilka faktorer som är avgörande för nedbrytning av arkeologiskt mate
rial i jord. Särskilt är inverkan av miljöförsurning av intresse, men även 
andra faktorer av betydelse skall beaktas, såsom arkeologisk kontext, 
geografisk belägenhet, klimatfaktorer, markanvändning, samt jordens 
kemiska och fysikaliska egenskaper. Resultaten väntas kunna bli till nytta 
inom arkeologisk kulturminnesvård vid bedömning av hur rådande miljö
förhållanden och olika typer av miljöförändringar påverkar fornminnenas 
bevarande.

Projektet har inledningsvis i huvudsak begränsats till arkeologiska bron
ser men har också innefattat benmaterial ehuru i mindre omfattning. 
Genomförandet har skett genom en tvärvetenskaplig studie i samverkan 
mellan arkeologer, geologer, kemister, konservatorer, korrosionsforskare, 
osteologer och statistiker. I en tidigare publikation på svenska (Borg et al. 
1995) presenterades utförligt målsättning och bakgrundsöversikter omfat
tande bl.a. arkeologiska förhållanden, korrosion av metaller i jord och 
försurning av jord i Sverige. I föreliggande rapport beskrivs dessa översikter 
i sammanfattad form på engelska.

Ett huvudavsnitt av rapporten behandlar undersökningar av samband 
mellan å ena sidan nedbrytningsgraden hos fynden och å den andra 
sammansättningen av jorden och andra förhållanden på fyndplatsen. Totalt 
undersöktes 66 bronsfynd utgrävda under perioden 1993-1994 i Birka, 
Fresta, Valsta och Sollentuna, alla belägna i Mälarregionen. Kvarvarande 
metall och korrosionsprodukter har analyserats med hjälp av SEM/EDS 
(svepelektronmikroskop) och røntgendiffraktion. Kuprit, malakit och 
amorf tenndioxid är vanliga korrosionsprodukter, men även metallkarbo- 
nater, kopparklorid, kopparsulfater och kopparfosfater är vanligt förekom
mande. I anslutning till bronsfynden har ca 200 jordprover tagits och analy
serats med avseende på pH, resistivitet, glödgningsförlust, koncentrationer 
av relevanta anjoner och katjoner, mm. Resultaten har sammanställts i 
EXCEL-datafiler. Materialet omfattar för närvarande omkring 20 000 
mätdata. Sambanden utvärderades genom statistisk multivariatanalys 
(system SIMCA-S). Föremålens nedbrytningsgrad har relaterats till 168 
variabler: kemiska och fysikaliska parametrar, arkeologisk kontext, all-
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männa parametrar för att beskriva utgrävningsplatsens geografi och 
geologi, markanvändning, föroreningskällor etc.

Ett annat huvudavsnitt i föreliggande rapport behandlar nedbrytnings- 
graden hos arkeologiska bronsföremål ingående i samlingarna vid Statens 
Historiska Museum, Göteborgs Stadsmuseum och Bohusläns Museum. 
Dessa fynd har tillvaratagits vid utgrävningar under olika decennier på 
fyndlokaler i Mälarregionen och på den svenska västkusten. Hittills har ca 
600 föremål undersökts.

Bland de slutsatser som erhölls vid undersökningen kan följande nämnas. 
Vid den statistiska multivariatanlysen av bronsmaterial utgrävda 
1993-1994 framkom flera indikationer på att fuktiga förhållanden i den 
omgivande jorden haft stor betydelse för bronsernas nedbrytning. Denna 
förefaller sålunda ha påskyndats om föremålet legat på stort djup under 
markytan (dock över grundvattenytan), om fyndlokalen varit belägen på 
liten höjd över havet (relativt omgivningen), om den omgivande jorden haft 
liten porstorlek och om föremålet legat i en gravhög. Sistnämnda indikation 
framkom också vid undersökningen av magasinerade föremål. Nämnda 
resultat överensstämmer med korrosionsläran. Det är nämligen känt att 
korrosiviteten i jord är störst när jordporerna är delvis fyllda med vatten, 
så att metallen samtidigt utsätts för såväl elektrolyt (jordvatten) som syre 
(luft).

Den statistiska analysen av material utgrävt 1993-1994 visade också att 
sot i den omgivande jorden påskyndat nedbrytningen, sannolikt därigenom 
att grafit ingående i sotet orsakat galvanisk korrosion. Korrosionen förefal
ler således ha påskyndats om föremålet legat i ett brandlager, i närheten 
av bränt ben (som vanligen finns i brandlager) eller i sotbemängd jord. En 
liknande inverkan av sotbemängd jord konstaterades vid magasinsstu- 
dierna.

Den statistiska analysen av föremål från Birka visade vidare att föremål 
som varit belägna utmed gångvägar mellan husen i staden angripits mer än 
de som legat inuti eller nära husen. Detta belyser vikten av att jordprov tas 
och analyseras vid utgrävning av boplatser som en åtgärd (bland flera 
andra) för att klarlägga artefakternas nedbrytning, representativitet och 
spridning över fyndlokalen.

Av visst intresse är att klorid i jorden visade sig ha påskyndat bronsernas 
korrosion i Birkas kulturlager, där jordens pH-värde är omkring 8, men 
motverka angrepp i Fresta-Valsta-Sollentuna, där pH-värdet är 4-5. Detta 
kan synas motsägelsefullt men kan trots allt vara termodynamiskt möjligt, 
om de kloridhaltiga korrosionsprodukterna bildar en skyddande belägg
ning vid pH 4-5 men är instabila vid pH 8. Trots dessa resultat observera
des kraftig gropfrätning på artefakterna från Fresta. Dessa lokalangrepp har 
av allt att döma orsakats av att jorden tidvis haft hög halt klorid härrörande 
från saltning av en väg genom gravfältet. Det är i sådana sammanhang 
viktigt att beakta vägsaltning, eftersom vägbyggnad är en av de vanligaste 
orsakerna till exploatering av fornminnen. Endast delvis genomförda
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utgrävningar är då inte ovanliga, varvid delar av ett fornminne lämnas kvar 
i närheten av den nya vägen.

Ett annat överraskande resultat är sambandet mellan fosfat i jorden och 
stor nedbrytning; närvaro av fosfat konstaterades också i korrosionspro
dukterna. Fosfat anses vanligen skydda metaller mot korrosion. En förkla
ring till det motsatta resultatet i detta fall kan vara att korrosionen orsakats 
av något annat korrosivt ämne, som förekommit tillsammans med fosfat. 
En annan möjlighet är att närvaro av fosfat medfört fuktiga förhållanden i 
jorden, vilket underlättat de elektrokemiska korrosionscellernas verkan.

Huruvida försurning av jorden inverkat på bronsens korrosion är av 
särskilt intresse. Försurning leder till minskning av jordens basmättnads- 
grad, ökning av den utbytbara aciditeten, och slutligen minskning av pH- 
värdet. Från den statistiska analysen av fynd utgrävda vid Birka, Fresta, 
Valsta och Sollentuna synes försurning av jorden intill föremålet ha ökat 
korrosionen. Eftersom projektet hittills endast omfattat utgrävningar inom 
Mälarregionen, är det önskvärt att studien utvidgas till att omfatta även 
fyndlokaler med andra försurningskarakteristika, t.ex. på den svenska väst
kusten och på Gotland eller i Skåne. - En jämförelse av tidigare utgrävda 
artefakter med sådana utgrävda 1993-1994 visade att nedbrytningsgraden 
ökat under det senaste århundradet. Detta kan delvis bero på förändrad 
policy vid fyndens tillvaratagande och konservering. Dock kvarstår det 
faktum att de bäst bevarade fynden hade högre nedbrytningsgrad vid 
utgrävningarna på 1990-talet än vid de på 1870-talet, möjligen på grund 
av jordförsurning under senare årtionden. Magasinsstudierna visade därtill 
att fynd från Mälarregionen har lägre nedbrytningsgrad än de från Sveriges 
västkust, där jordens försurning varit större.

Projektet omfattade också studier av arkeologiskt ben. Nedbrytningsgra
den bestämdes genom visuell inspektion och genom analys av Ca/P-förhål- 
landet och organisk substans i benresterna. Lovande resultat erhölls men 
antalet undersökta ben är för litet för statistisk analys.

Undersökningen som inletts i detta projekt är planerad att fortsättas i ett 
projekt benämnt ”Fynd och Miljö”. Detta avses omfatta fortsatta studier av 
arkeologiska bronser och benmaterial såväl vid kommande utgrävningar 
som genom utvidgade magasinsinspektioner. Härvid skall nedbrytningsgra
den även ställas i relation till de försurningskänslighetskartor som inom 
ramen för det nuvarande projektet utarbetats för Hallands och Stockholms 
län. Utvidgning av projektet till att, förutom bronser och benmaterial, 
omfatta arkeologiskt järn, glas och artefakter i medeltida stadslager över
vägs även. Samarbete med internationella projekt på området har inletts för 
informationsutbyte.
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1 Introduction
Einar Mattsson, Agneta Lagerlöf and Anders G. Nord

In various parts of Sweden, an accelerating rate of deterioration of rune 
stones, rock carvings and rock paintings is in clear evidence. Copper, 
bronze, iron and zinc constructions and monuments are manifestly 
being corroded by environmental influence (Lindborg 1990). The acid 
rain affecting historical monuments above ground, as well as lakes, stre
ams and woods, may also be expected to influence the decay of archaeo
logical material below ground. Archaeologists with at least 20 years of 
field experience are remarking that the quality of artefacts is getting 
worse, especially that of metallic and bone objects. Both these kinds of 
find are increasingly difficult to excavate intact, rendering obsolete the 
earlier view that archaeological material is best preserved when allowed 
to remain buried.

In the 1980:s, RIK initiated a pilot study of the corrosion of bronzes 
in soil, based on current excavation results, in order to study how acid
ification affects the deterioration of archaeological remains. This study 
was later enlarged to an interdisciplinary project called The deteriora
tion of archaeological material in soil (“Nedbrytning av arkeologiskt 
material i jord”). An earlier publication (Borg et al. 1995) presents 
detailed objectives and background surveys of archaeological condi
tions, metal corrosion and bone decay in soil, and soil acidification in 
Sweden. There are also directions for drawing up threat scenarios, 
collecting, storing and analyzing soil samples, and determining the 
degree of deterioration of finds.

Project aim. The objective is to acquire knowledge about the determin
ing factors in the decay of archaeological material in soil, primarily 
bronze and bone. A main issue is the effect of environmental acidi
fication. Other factors which will be studied are metal composition, 
corrosion products, archaeological context, environmental factors, 
geographical location, climate, land use, and chemical and physical 
properties of the soil. The results are intended for use in conservation 
work, for assessing the impact of changing environmental factors on the 
state of preservation of ancient remains.

Project realization. This interdisciplinary project was carried through as 
a co-operation among archaeologists, geologists, chemists, conser
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vators, corrosion experts, osteologists and statistical experts. The 
project was initiated by Mrs Gunnel Werner (deceased). The present 
members of the project team are:

Agneta Lagerlöf, project leader, Ph.D., regional director, Department of 
archaeological excavation, UV Mitt, Central Board of National 
Antiquities.

Anders G. Nord, project leader, Ph.D., senior research fellow in inor
ganic chemistry, RIK.

Einar Mattsson, professor, corrosion consultant, former head of the 
Swedish Corrosion Institute.

Kate Tronner, chemical engineer, senior chemist, RIK.
Gunnar Ch. Borg, Ph.D., quaternary geologist, Department of geology, 

Chalmers Institute of Technology, Göteborg.
Monica Fjaestad, head of the division for metal conservation, RIK. 
Leif Jonsson, senior antiquarian, postgraduate student of animal osteo

logy, Department of archaeological excavation, UV Väst, Central 
Board of National Antiquities, Kungsbacka.

Inga Ulien, senior antiquarian, postgraduate student of archaeology, 
Department of archaeological excavation, UV Mitt, Central Board of 
National Antiquities, Stockholm.

Ingemar Österling, chemical engineer, RIK.

Reference group
Arne Andersson, professor, the Swedish University of Agricultural 

Sciences, Uppsala.
Birgit Arrhenius, professor, Institution of archaeology, archaeometry 

laboratory, Stockholm University.
Hans Browall, Ph.D., research director, the Museum of National 

Antiquities.
Jan Cullman, senior research chemist, RIK.
Ola Kyhlberg, Ph.D., senior research fellow, Swedish Central Board of 

National Antiquities.
Ronnie Liljegren, senior research fellow, Department of quaternary 

geology, Lund University.
Ulf Lindborg, senior research fellow, head of RIK.
Jan-Gunnar Lindgren, county antiquarian, County of Göteborg and 

Bohus.
Tor-Gunnar Vinka, B.Sc., research fellow, Swedish Corrosion Institute, 

Stockholm.

The project was financed by a grant from the Swedish Central Board of
National Antiquities. Its realization demands close co-operation among
scientific and archaeological experts, primarily in acquiring and organ
izing knowledge of various materials, corrosion processes, geology and
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soil chemistry, and in applying such knowledge to archaeological prob
lems. The investigations carried out at the Swedish Corrosion Institute 
concerning present-day corrosion of metals in soil are an important 
point of departure, as are also the inquiries into current changes of soil 
chemistry and constitution, chiefly conducted by the National Swedish 
Environment Protection Board (SNV), the Swedish Environmental 
Research Institute (IVL), and the Swedish University of Agricultural 
Sciences (SLU).

For understanding the fate of archaeological material in soil, the 
project has established contact with the laboratory of archaeometry at 
Stockholm University. Professor Birgit Arrhenius has for many years 
directed research there concerning the effects of phosphate content and 
pH value (B. Arrhenius 1981). In connection with the 1969-1971 study 
of the culture layers of Birka, Sweden’s oldest known township, she has 
pointed out the importance of acidification for the deterioration of both 
organic and inorganic material (B. Arrhenius 1973, p 34). She has 
stressed the importance of determining the soil pH, especially for 
obtaining meaningful find statistics. Even earlier, Dr. Olof Arrhenius 
has established a connection between the salt content of the soil and 
the course of corrosion (O. Arrhenius 1967). He has suggested that an 
increase in environmental acidification during the early Iron Age may 
be the cause of the scarcity of metal finds from this period. Birgit 
Arrhenius, on the other hand, has found correlation between high phos
phate levels and the good state of preservation of the Birka iron objects 
(B. Arrhenius 1973, p 38).

A study of the deterioration of materials in the culture layers of towns 
and cities has also been initiated, in collaboration with the City Archae
ologist at the “Kulturen” museum in Lund. It should be mentioned, 
furthermore, that contacts have been established with two current inter
national projects studying the preservation of archaeological objects in 
soil.

Using the results. The project results should find application both in 
archaeology and in the conservation of cultural environment. In archae
ology, the project will provide important data bearing on questions of 
representativity, i.e., how to interpret the absence of various materials 
or pieces of material.

It is therefore important to analyze the consequences of various threat 
scenarios. Generally, the conservation of cultural environment will 
profit from a possibility to assess the state of preservation and the need 
for conservation of unexcavated archaeological material. There are two 
partly overlapping areas of application:

• Preparing environmental impact analysis.
• Issuance of archaeological excavation permits.
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In both cases there may be occasion for reconsidering and supple
menting current evaluation principles concerning the protection and 
conservation of ancient remains.

An over-all picture of environmental factors threatening various types 
of ancient remains should be of use at a preliminary stage of planning 
future excavations. Such a description would be helpful when discussing 
changes in land use (e.g. afforestation, which will acidify the soil) or 
extensive land development (which will increase air pollution and lower 
the watertable). What will be the consequences in areas already touched 
by acidification, and how will the affected archaeological remains fare? 
Preliminary planning of major roads should perhaps veer aside from the 
least acidified areas, and so on.

The increasing importance of questions concerning the soil environ
ment will probably demand more extensive participation of geologists 
in future archaeological investigations.

The issuance of archaeological excavation permits may have to relate 
the scope and level of ambition of the investigation to current preserva
tion conditions and possible future environmental impact. Using the 
scenario, supplemented with an exploratory excavation or pilot study 
if needed, the County Antiquarian may face the following questions:

• Should an excavation permit be issued for investigation of a site with 
extremely good preservation conditions?

• Can the intentions of cultural environment conservation be upheld if 
abundant metallic remains, such as those in a late Iron Age grave field, 
are allowed to remain buried in a type of soil that is extremely corros
ive due to acidification, or is expected to become so because of chan
ging land use?

Conservation work may, in emergency cases, demand measures to stop 
accelerating deterioration processes at certain archaeological sites, for 
instance by preventing afforestation. Excavation is an unrealistic 
conservation procedure, except in connection with direct exploitation 
of the land.

Efficient conservation steps can only be taken on a very restricted 
scale. Instead the efforts must be towards continual surveillance and 
attention to soil conservation, using archaeological experience to guide 
the planning process.

The present report comprises the following parts:

□ Summary of the essentials of the previous publication (Borg et al.
1995).

D Investigation of the correlation of degree of deterioration with soil 
composition and other factors in current bronze artefacts from
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selected excavations during 1993-1994, by means of statistical 
analysis.

D Comparative examinations of the state of degradation in stored 
archaeological bronzes from excavations during different decades.

Preliminary results have earlier been presented in reports or on interna
tional basis, e.g. see Werner & Backlund (1990), Mattsson (1993), Borg 
(1993), Miller (1993), Nord et al. (1994), Borg et al. (1995), Fjaestad 
et al. (1995), and Tronner, Nord & Borg (1995).
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2 Background

In the earlier comprised publication on this project (Borg et al. 1995), 
compilations were presented covering the state of present-day 
knowledge in the different areas connected with this project, with the 
intention of forming a background for future investigations. As these 
compilations are written in Swedish, essential parts will here be 
summarized.

2.1 Archaeological remains and environmental 
threats

Inga Vilen

A basic assumption is that the environmental impact on archaeological 
remains is a variable depending on construction of the remains, and the 
surrounding landscape. Which types of remains, then, are most vulner
able, and which environmental factors are most conducive to corrosion 
of objects in graves and at other sites? Constructions that are not filled 
with soil, i.e. many Bronze Age and early Iron Age graves, have long 
been considered to be especially exposed to changing environmental 
factors, irrespective of their location in forest, pasture or tilled land. 
Current detrimental changes in the environment have prompted inclu
sion of other types of remains as risk groups, e.g. settlements at particu
larly exposed locations, and cemeteries with low, turf-covered stone 
settings (Figs. 2-1 to 2-5).

Bronze and Iron Age stone settings and cairns are often very sparsely 
covered with turf, and their soil filling, if at all present, is permeable. 
Both bones and grave goods are thus exposed to air and water. In areas 
where the grave filling (and settlement layers) consist of ordinary 
moraine soils, the buffer capacity is low and the impact of acid rain is 
great. Because graves are often found on hill crests and slopes, they are 
also particularly exposed to air-borne pollution (Hasselroth & 
Grennfelt 1978); cf. Figs. 2-5 and 2-6.

The internal construction of a grave, i.e. the packing of stones and 
construction of the burial, are decisive for the humidity and water 
permeability of the grave. The metal objects in a grave may be located 
in thick soot layers or in thin soot layers, together with cremated bones
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Fig. 2-1. Circular stone settings. Bronze and Iron Age.
Låga, övertorvade stensättningar. De förekommer från yngre bronsåldern och hela 
järnåldern.

Fig. 2-2. Square stone setting. Iron Age. 
Kvadratisk stensättning. järnåldern.
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Fig. 2-3. Stone setting with part of the covering grass turf removed. Beside: cross 
section.
Stensättning med delvis borttaget torvtäcke, samt bild i genomskärning.

Fig. 2-4. Barrows from Late Iron Age. 
Högar från yngre järnåldern.

18



Clay
Settlement tn tilled 

field

Moraine
Setti ement in pasture land

Kook
Graves

Thick culture layer 
with several phases 
of settlement

Fig. 2-5. Above: Top section through a dwelling site situated on different types of soil. 
Below: Section through the same dwelling site. The figure shows how the culture layer 
of the site gets thicker at the bottom of the slope (dotted line). Different types of land 
use have led to the fact that the slope today is nearly invisible (see above) but the site 
(in this case) is preserved below the surface soil.
Schematisering av tvärsnitt genom en boplats med kulturlager.

Mound Catrn Stone settings Crave witnout 
stone- and soil cover

Fig. 2-6. Schematic drawing of different types of graves. 
Schematisk bild av några gravtyper.
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in pits with cinerary urns or among scattered burned bones (Fig. 2-7). 
Objects are also found in the soil filling among the stones, especially in 
Iron Age stone settings. Figures 2-8 to 2-10 show examples of three 
grave constructions: a Bronze Age cairn, and one Early and one Late 
Iron Age stone setting.

Generally speaking, the environments most vulnerable to acidi
fication in Sweden are coniferous forests on moraine ground. Many 
archaeological remains, both graves and settlements, are found in such 
areas, predominantly with podsol soils. Most settlement structures and 
burials are found at the lower boundary of the humus layer. Very low 
phi values have been recorded at such sites in forested inland regions, 
e.g. the Småland highlands. Characteristic remains in this territory are 
stone cists, cairns and cemeteries from the earliest Iron Age, located on 
tableland, within presently partly overgrown areas. Other locally speci
fic types of remains are the square stone settings in the southern wood
lands of Östergötland.

Other severely acidified regions are situated near lake Vänern, in the 
provinces of Värmland and Västergötland.

Along the west coast, almost all types of archaeological remains 
within the barren woodlands and on the naked rocks are especially 
exposed to external influence. An example of such destruction by acid 
rain is furnished by the well-known Bronze-Age rock-carving complexes 
of Bohuslän (Bertilsson & Löfvendahl 1992).
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Fig. 2-7. Different types of cremation in graves from Bronze and Iron Age (after 
Fernholm & Steen 1982).
Några typer av brandgravskick från brons- ocb järnåldern.
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Fig. 2-8. Cairn from the Early Bronze Age with the burial in a stone cist. At the top: 
From above, with part of the stones removed and the stone cist visible in the middle 
of the grave. Below: Section through the grave, with the stone cist in the middle. The 
stones closest to the cist are not depicted.
Exempel på rose från äldre bronsåldern med hällkistbegravning.
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Fig. 2-9. Stone setting from the Early Iron Age. At the top: From above, with the 
covering grass turf removed. Below: Section through the grave with cremation and 
metal objects.
Exempel pä stensättning från äldre järnåldern.
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Fig. 2-10. Stone setting from the Late Iron Age. At the top: From above, with the 
covering grass turf removed. Below: Section through the grave with the remains from 
the funeral pyre, metal objects and a clay vessel.
Exempel på stensättning från senare järnåldern.
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2.2 Metal corrosion in soil
Einar Mattsson

In this chapter the basics of metal corrosion are summarized (cf. Matts
son 1989), kinetics as well as thermodynamics, especially with respect 
to corrosion phenomena occurring on copper materials. The influence 
of soil parameters is discussed, taking into account different kinds of 
soil treatment.

Kinetics. Corrosion of metals generally takes place through the action 
of electrochemical cells, so-called corrosion cells (Fig. 2-11).

A corrosion cell consists of an anode and a cathode in metallic contact 
with each other and also in contact with an electrolyte. At the anode the 
metal is oxidized and attacked, while at the cathode the reduction of 
an oxidizing agent takes place. The electrolyte conducts electric current 
through the cell. The current, which is a measure of the corrosion rate, 
is called corrosion current. The following conditions have to be fulfilled 
for corrosion cells to be active:

• The presence of water as electrolyte to conduct the corrosion current.
• The presence of an oxidizing agent, generally oxygen (02) or hydro

gen ions (H+ ), to be reduced at the cathode.

Goethite

Magne tite

Fig. 2-11. Schematic presentation of corrosion cell in soil, when iron is corroding. 
The chemical reactions are:
(1) anode reaction: Fe Fe2+ + 2 e"
(2) cathode reaction: 1/2 02(g) + H20 + 2e" 2 OH
(3) 2Fe2+ + l/202(g) + 30H > 2FeOOH(s) + H+
Schematisk bild av korrosionscell verksam vid röstning av järn i jord.
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Thermodynamics. For corrosion to take place a “driving force” is 
required, which has been found to depend very much on the pH value 
and the oxidizing power (redox potential) of the environment. Whether 
corrosion can take place, and, if so, which corrosion products will 
finally be formed, can conveniently be surveyed in a type of stability 
diagram, called potential-pH diagram or Pourbaix diagram (Fig. 2-12).

The corrosion products on copper after exposure in soil generally 
have a layer of red cuprite (CuaO) next to the metal core, where the 
supply of oxygen has been restricted. Next to an oxygen-rich environ
ment black tenorite (CuO) can be formed. In the presence of anions, like 
HCO3" , SO42" or Cl" in the soil water, a surface layer of green basic 
copper salts is formed, consisting of malachite, brochantite, atacamite 
or similar salts.

The corrosion products on tin-containing bronzes exposed to soil 
mainly consist of amorphous tin oxide/hydroxide with low solubility. 
They therefore remain where they have been formed and show the 
original shape of the object. The copper-containing corrosion products 
have higher solubility and are to some extent carried away by diffusion.

6 8 10 12 74 16
pH

Fig. 2-12. Stability diagram for the system Cu-H20-C032" at 25° C; concentrations 
of copper species in solution 10 "6 mole/litre and of carbonate 0.01 mole/litre (after 
Mattsson 1979).
Stabilitetsdiagram för systemet Cu-H20-C032' vid 250 C; koncentrationen av 
kopparspecier i lösning 10'6 mol/liter och av karbonat i lösning 0.01 mol/liter.
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Types of corrosion. The corrosion of unalloyed copper will generally 
result in uniform attack or pitting. Field tests in various types of soil 
have been carried out in USA (Romanoff 1957), UK (Shreir 1976) and 
Sweden (Camitz and Vinka 1992) with exposure durations of 14,5-10, 
and 7 years respectively. The average rate of attack then found was in 
most soils 0.00005-0.0039 mm per year, but for very corrosive soils, 
like acid peat, cinders and tidal marsh, rates as high as 0.035 mm per 
year were determined. The maximum rate of pitting, however, was 
considerably higher, up to 0.043 mm per year in “ordinary” soils and 
up to 0.32 mm per year in very corrosive soil.

Brasses (copper-zinc alloys) with a zinc content above 20 wt-% are 
often attacked by selective corrosion, so-called dezincification; zinc is 
selectively dissolved, leaving a residue of porous copper. Brasses with 
less than about 37 wt-% zinc can, however, be made resistant to dezinc
ification by the addition of 0.02-0.04 wt-% arsenic. The rate of dezinc
ification can be considerably higher than the rates of uniform corrosion 
in unalloyed copper mentioned above. Brasses, and to some extent also 
other copper alloys, are also susceptible to stress corrosion cracking in 
the presence of ammoniacal species and tensile stress.

Bronzes (generally copper-tin alloys with low contents of phos
phorus) usually have a dendritic structure consisting of alpha phase with 
low tin content and low hardness, and delta phase with higher tin 
content and greater hardness. The corrosion of bronzes is a complex 
process (Gettens 1951). In bronzes with low tin content (less than 10 
wt-%), the delta phase is primarily attacked. Therefore, bronzes with 
high tin content are comparatively susceptible to corrosion (Robbiola 
1988). The corrosion is largely selective, i.e. tin is dissolved, leaving a 
residue of porous copper.

Influence of contact with other materials. If a metal object exposed in 
soil is in direct contact with another electron conductor, such as another 
metal, graphite, magnetite etc., the corrosion rate of the object may be 
affected. Contact with a more noble material may increase the corrosion 
rate (galvanic or bimetallic corrosion), while contact with a less noble 
material may reduce the corrosion rate (cathodic protection).

Influence of soil water. Soil water will act as an electrolyte in corrosion 
cells on a buried object. Next to the ground surface, the soil water 
content varies greatly, due to deposition, evaporation and water 
consumption by the plants on the ground. - Below the water table (the 
position of the water surface in wells etc.) the soil pores are filled with 
water. The position of the water table depends on geological and 
meteorological conditions. It may be lowered, e.g. by regulations of 
lakes, by large ditching projects in connection with building of roads 
and houses, or by the water consumption of rapidly growing fuel
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plantations. - Also, above the water table the soil pores may contain 
water due to capillary action. The capillary rise depends on the pore 
size; in soil with small pores, e.g. silt, it may be several meters, while in 
soil with large pores, e.g. sand, it is of the order of centimeters or deci
meters (Lindskog 1972). Soil compaction due to the use of heavy 
vehicles in agriculture or forestry may lead to a decrease of the pore size 
and, as a consequence, to an increase in the capillary rise.

Corrosion is also influenced by water flow in the soil. Flowing water 
may carry oxygen to and corrosion products away from the object, thus 
increasing the corrosion rate. Ancient remains, graves as well as settle
ment grounds, are usually, but not always, located above the water 
table.

Influence of aeration. Supply of oxygen, generally originating from air, 
is essential for the cathode reaction in the corrosion cells and thus for 
the corrosion rate.

In the water-saturated deep soil oxygen is transported by diffusion, 
which is a slow process. Therefore, the oxygen supply is very slow and 
the corrosion rate of objects in deep soil is usually very low. In the zone 
next to the ground surface the soil pores are open and the aeration 
usually good. In spite of this the corrosion rate may be low due to lack 
of electrolyte. In the zone just above the water table, where the soil pores 
are partly filled with water, the conditions are most favourable for 
corrosion; both oxygen supply and electric conductivity are sufficient 
for the corrosion cells to be active. The relation between corrosion rate 
and water saturation is shown in Fig. 2-13 (Scharff 1992).

Mass 
loss,
9

Degree of saturation, %

Fig. 2-13. Mass loss of iron samples due to corrosion in soil versus the water satura
tion degree of the soil. (After Scharff 1992).
Massförlust hos järnprov på grund av korrosion i jord som funktion av jordens 
vattenmättnadsgrad.
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The aeration is affected by soil preparation, like ploughing, cultiva
tion and harrowing, which favour the aeration. Soil compaction by 
heavy vehicles, on the contrary, decreases aeration. Lowering the water 
table can lead to a drastic change in the corrosion conditions. Objects, 
which before the lowering were located below the water table, will 
become exposed to higher oxygen supply and more corrosive condi
tions, if they after the change become located above it.

Soil with a high content of organic matter, e.g. peat, may deviate from 
the pattern described. In such soil oxygen is consumed by reaction with 
organic matter. As a consequence, the oxygen content and the corrosiv
ity may be low.

Influence of soil acidity. The corrosion of most commonly used metals 
is dependent on the pH value of the soil (Sederholm et al. 1992). The 
reason generally is that solid corrosion products are stable and give a 
protective coating only above a certain pH value (see Fig. 2-12). In addi
tion, at low pH values (pH 3 or lower) a cathode reaction consisting of 
the reduction of hydrogen ions is possible, so that supply of oxygen is 
not required for corrosion to take place. Soil is generally considered as 
not being corrosive if the pH value is in the range 4.0-8.5. The acidity 
of soil may be expressed by several parameters, the pH value, the total 
acidity, the exchangeable acidity and the base saturation.

Acidification of soil may be caused by the deposition of anthropo
genic air pollutants, mainly sulphuric or nitric acid or related species. It 
may, however, also be caused by plant growth or by nitrification 
processes. Several buffer systems are present in the soil, consuming 
hydrogen ions that have been added. Each buffer system is primarily 
effective in a specific pH range. Not until the buffer has been used up 
will further addition of hydrogen ions lead to a decrease of the pH value. 
These matters are further dealt with in the next chapter.

Influence of soil resistivity. The soil resistivity, of course, will influence 
the current in the corrosion cells. Moderate differences in soil resistivity, 
however, might be of importance to the corrosion only if the distance 
between anode and cathode is large, i.e. on large objects. In such cases 
the corrosion risk is considered significant, if the soil resistivity is below 
15 ohm.m. Some authors, however, assume the soil resistivity to be of 
great importance for the corrosion, even for small objects (Wranglén 
1967, Klas &c Steinrath 1974). The soil resistivity is determined mainly 
by the soil water and its contents of dissolved species, including those 
originating from deposited air pollutants, fertilizers and road salt.

Influence of chloride content. Chloride may affect the corrosion of 
buried metals by local break-down of protective passive layers. The 
effect will be an increased probability for localized corrosion. Chloride 
will also decrease the soil resistivity.
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The ground may receive chloride by deposition of spray or salt crys
tals from the sea. The deposition decreases as the distance from the 
shore increases. It may also decrease due to a filtering effect by bush and 
tree vegetation. The deposition of chloride is less on the east coast of 
Sweden than on the west coast and decreases along the coast of the 
Baltic along with the salt content of the sea water. Further, the chloride 
content of the soil depends on the amount of rain precipitation, which 
causes washing as well as dilution. Evaporation, on the contrary, causes 
enrichment of chloride in the surface zone.

Chloride in the soil may also originate from fertilizers, e.g. KC1, or 
from road salt, contaminating the ground along salted roads. Another 
source may be so-called relict sea water remaining from ancient times, 
when the ground was sea bottom. Chloride has a tendency to be 
absorbed by the corrosion products, and may then cause deterioration 
of artefacts of iron or bronze (Mattsson 1992), even after excavation.

Influence of phosphate. Phosphate is known as a corrosion inhibitor 
and is used for corrosion protection e.g. of iron. Phosphate occurs in soil 
minerals like apatite and is also added in fertilizers, e.g. superphosphate. 
Another source is waste, which occurs in culture layers from ancient 
settlements (O. Arrhenius 1930). There the phosphate is believed to 
have a protective effect on iron objects (B. Arrhenius 1973).

Influence of ammoniacal compounds. As ammonia forms soluble 
complex species with copper at medium and high pH values, ammoni
acal compounds are usually corrosive to copper materials. In particular, 
they are known to cause stress corrosion cracking of zinc-rich brass 
objects, which have internal tensile stress, e.g. due to cold working when 
manufactured (Mattsson 1961). Ammoniacal compounds are added to 
the soil in manure or fertilizers. They can also be formed by decomposi
tion of proteins, e.g. in culture layers or in graves.

Influence of microbial activity. A multitude of microorganisms affect the 
metal corrosion in soil. Well-known are sulphate-reducing bacteria, 
which cause corrosion of iron in the presence of sulphate under an
aerobic conditions, i.e. in deep soil. In this case the pH value should 
preferably be between 5.5 and 8.5.

Assessment of soil corrosivity. Many authors have tried to establish the 
correlation between the corrosion of metals in soil and the soil para
meters (Geilmann 1956, Booth et al. 1967, Steinrath 1967 and Tylecote 
1979). So far, however, it has not been possible to formulate a mathe
matical relation. In fact, it is often difficult to foresee which soil para
meter is decisive for the corrosion in a specific case. Hopefully, it will
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be possible to establish the importance of various parameters for the 
corrosion of artefacts in soil by using statistical multivariate analysis.

2.3 Ground acidification in Sweden
Gunnar Ch. Borg

2.3.1 Mechanisms of ground acidification/buffering
Normally the forest ground in Sweden is acid. Several natural processes 
cause acidity in the surficial part of the ground. A growing tree will 
consume base cations as nutrients in exchange for protons. The decay 
of dead plant residues will release organic acids. The respiration of 
microbes and roots produces carbon dioxide. However, these processes 
do not cause a pH lower than approx. 5 in the mineral part of the loose 
deposit layer (Ulrich 1989).

A vast number of publications demonstrate substantial changes in the 
chemistry of Swedish forest ground during the latest century (e.g. 
Hallbäcken 1992). Observed changes are lowered storage of the base 
cations, increased surface concentrations of Al3+ and H+ on the soil 
particles, and often lowered pH.

The atmospheric deposition of sulphur and nitrogen species origina
tes partly from natural sources, but antropogenic activities (e.g. burning 
of fuels for heating or transport purposes) have enhanced the deposition 
considerably. The emission of sulphur, but not nitrogen, has been 
reduced in Sweden during the latest decades. The different nitrogen 
forms are vital nutrients for plants, but surplus nitrogen may lead to 
acidification of the deposit layer in certain circumstances.

Table 2-1. Buffering reactions in ground (cf. Scheffer & 
Schachtschabel 1984).
Buffringsmekanismer i marken.

Buffering system pH range Examples on buffering reactions

Carbonate 8.0-6.2 CaC03+H2C03=Ca2++2HC03-
CaC03+2H+=Ca2++H20+C02

Organic matter 8.0-3.0 -COOCa0.5+H+=-COOH+0.5Ca2+

Clay material 8.0-5.5 -AlOCa0.5+H+=AlOH+0.5Ca2+

Silicate 6.2-5.0 CaAl2Si208+2H++H20=Ca2++
Al2Si205(OH)4

Cation exchange 5.0-4.2 Clay-Ca+2H+=Clay-H2+Ca2+

Aluminium 4.2-3.0 A100H+3H+=A13++2H20

Iron 3.8 Fe00H+3H+=Fe3++2H20
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In the deposit layer the strong acids will be protolyzed (forming ions) 
and will then supply protons to the deposit and lower the pH value. In 
the ground several processes will consume protons, and act as buffering 
reactions. These reactions are active in different pH ranges. When the 
supply of acid compounds is so great that the buffer cannot absorb the 
protons, the pH will be lowered and the next buffering range will be 
activated. The most common buffering system in Swedish forest ground 
is believed to be the so-called cation exchange buffer range, which prob
ably is active in wider ranges than is given in the table. When pH is near 
or below 4 it reaches the aluminium buffer range.

2.3.2 Critical load
The following definition of critical load has been agreed upon: “A 
quantitative estimate of an exposure to one or more pollutants below 
which significant harmful effects on specified sensitive elements of envi
ronment do not occur according to present knowledge” (Grennfelt & 
Thörnelöf 1992).

Calculations of the critical loads have been presented graphically in 
the form of maps. According to Sverdrup et al. (1992) only 18% of all 
forest areas in the Nordic countries receive a smaller deposition of acidi
fying compounds than the calculated critical load.

Several factors influence the impact of acidifying atmospheric deposi
tion, i.a. the mineral content of the bedrock. Some minerals can, by 
means of weathering processes, act as buffers against acidic compounds. 
Calcareous bedrock can withstand the effects of acidic compounds 
much better than the acidic slowly weathering silicates that form the 
crystalline bedrock, which is very common in Scandinavia.

Different kinds of Quaternary deposits influence the buffer capacity 
of the ground to a very great extent. The buffer capacity of fine-grained 
deposits (e.g. clay and silt) is much higher, due to larger active surface 
area and ion content, than that of coarse-grained (e.g. sand and gravel) 
deposits. The quaternary deposits are influenced by a number of soil 
forming parameters, such as the geological parent material, climatolo
gical/hydrological and biological processes. In Swedish forest areas the 
most common soil type is podsol. This soil type is acid and vulnerable 
to further acid load. The other frequently occurring soil type in Sweden 
is cambisol, which is developed from more fine grained and richer geolo
gical parent material: the bedrock is often calcareous. These areas are 
often arable land. In contrast to the acid cambisols, which are transi
tions from the podsol types, eutric cambisol types are regarded as less 
sensitive to further acidification. From thin quaternary deposits the 
developed soil is lithosol, which has very low buffer capacity, unless the 
bedrock is very easily weathered.
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Land use influences the sensitivity to acidification. Agriculture is 
normally managed in a way (liming etc.) that will enhance the buffering 
to counteract further acidification. Chadwick and Kuylenstierna (1990) 
have classified the sensitivity to acid input due to land use in the follow
ing order (from less to more sensitive): arable land < deciduous forest < 
rough grazing < coniferous forest.

The deposition of sulphur and nitrogen species is higher at a forest 
edge than in the open field outside or deeper inside the forest (Hasselrot 
& Grennfelt 1986, measured on spruce). Hill slopes are more influenced 
by acid deposition than valleys. The moisture conditions are also 
important.

The comparison of the critical load levels of the Swedish areas in rela
tion to the rest of Europe (Fig. 2-14) reveals that vast areas in Northern 
Europe are some ten times as sensitive as parts of southern and south
eastern Europe (Hettelingh et al. 1993). If actual deposition of S02 and

0- 200 
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C~ : 1000 - 2000 
CZ1 >2000

Fig. 2-14. Critical loads of acidity (eq ha"1 yr1)(5th per centile). (Hettelingh et al. 
1993).
Kritisk belastning (ekv. ha1 dr1) för försurning (5:e percentilen).
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Fig. 2-15. Deposition of S02 and NOx from all European sources in excess of critical 
loads of acidity in 1990. (Hettelingh et al. 1992).
Deposition av S02 och NOx från alla europeiska källor 1990 överskridande den kri
tiska belastningsgränsen.

NOx is compared to the critical load (Fig. 2-15) it is obvious that not 
very extensive areas in Europe are below the limit, and that the greatest 
impact is found in Central Europe (Hettelingh et al. 1992).

2.3.3 Maps of sensitivity to acidification (the surface 
layer) for archaeological purposes

Published maps for the sensitivity to acid deposition normally consider 
the threat to the ground (well) water, and further, such maps are not 
published for all parts of Sweden. In the present project two counties, 
Halland and Stockholm, have been studied in order to construct maps 
of the sensitivity to acidic deposition with the methodology regarded as 
most relevant for the present archaeological purposes. Most archaeolo
gical artefacts are situated at a depth of not more than a few dm. This 
means that, in relation to the sensitivity maps published elsewhere, the 
maps presented for this project are prepared with more emphasis on the 
most superficial part of the ground layer.

Halland County (see Fig. 2-16)
In addition to the above mentioned publications, different maps have 
been studied (e.g. Karlqvist et al. 1985).
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The following classes (from more to less sensitive) were identified:
Class 1. The surface layer is most sensitive to acid deposition. Lithosol 

(too thin to form soil). Exposed bedrock (if it is not easily weathered).
Class 2. The surface layer sensitive to acid deposition. Sand and 

gravel. In certain places the carbonate content can enhance the resist
ance.

Class 3. The surface layer relatively sensitive to acid deposition. Most 
common Quaternary deposit till and soil podsol.

Class 4. The most surficial layer sensitive and deeper down partly 
moderately sensitive to acid deposition. In certain places the carbonate 
content can enhance the resistance. The surface layer comprises sand 
and gravel, but clay lenses may occur, which increases the resistivity. 
Most common soil is cambisol.

Class 5. The surface layer less sensitive, deeper down partly sensitive 
to acid deposition. Clay and fine-grained sediments in the surface layer, 
and layers of sand and gravel deeper down. Most common soil is cambi
sol, but the share of eutric cambisol is higher than in class 4.

Stockholm County (see Fig. 2-17)
In addition to the above mentioned publications, different maps have 
been studied (e.g. Engqvist 8c Fogdestam 1984).

Because the topographical and geological conditions in Halland and 
Stockholm counties are very unlike each other, the identified classes are 
somewhat different. The class “0” was introduced to make the other 
classes as comparable as possible. The classes are:

Class 0. The surface layer is extremely sensitive to acid deposition. 
Big city environment. In Stockholm the layer is often thin, and the 
ground also naturally sensitive. The area is greatly influenced by nitro
gen and sulphur emissions due to traffic, heating and industries.

Class 1. The surface layer is very sensitive for acid deposition in a rela
tive scale. Lithosol (too thin to form soil). Exposed bedrock (if it is not 
easily weathered).

Class 2. The surface layer sensitive for acid deposition. Sand and 
gravel. In certain places the carbonate content can enhance the resist
ance, especially in the northern parts of the county.

Class 3. The surface layer relatively sensitive for acid deposition. The 
deposit normally till and soil partly cambisol and partly podsol.

Class 4. The surface layer not very sensitive for acid deposition. Clay 
(most common) and clayey till (in some places in the north-eastern part 
of the county). The dominating soil is dystric cambisol.

Class 5. The surface layer less sensitive for acid deposition. High 
portion of eutric cambisols.
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Fig. 2-16. Map of the sensitivity to acidification (the surface layer) in Halland County, 
prepared by Gunnar Ch. Borg. The area in the interior of the province of Halland, 
where the precipitation exceeds 1100 and 1200 mm yr 1 respectively are delimited by 
isolines.
Försurningskänsligbetskarta (gällande ytskiktet) för Hallands län för arkeologiska 
ändamål, upprättad av Gunnar Ch. Borg. Områdena i det inre av Halland med en 
nederbörd överstigande 1100 resp. 1200 mm/år har markerats med isolinjer.
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Fig. 2-17. Map of the sensitivity to acidification (the surface layer) in Stockholm 
county, prepared by Gunnar Ch. Borg.
Försurningskänsligketskarta för Stockholms län för arkeologiska ändamål, upprät
tad av Gunnar Ch. Borg.
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3 Examination of bronzes 
excavated 1993-1994

The examination includes objects and soil from four sites near Stock
holm. Archaeological, geographical, geological, environmental and 
other comprehensive data have been defined for these sites. For each 
object a degree of deterioration (degradation) has been estimated as 
explained below. Metal remains, corrosion products and relevant 
samples of soil have been chemically analyzed. All data have been 
compiled in EXCEL data files and processed by means of the statistical 
multivariate SIMCA-S system.

3.1 Excavation sites
Agneta Lagerlöf, Inga Ulien and Monika Fjaestad

The bronzes examined have been excavated at four different sites in the 
Stockholm area: the Viking-age town of Birka on a small island in Lake 
Mälaren, 28 km W of Stockholm, and at three cemeteries from the Iron 
Age: Fresta 25 km NW of Stockholm, Valsta (Norrsunda) 33 km N of 
Stockholm, and Sollentuna/Häggvik 16 km NNW of Stockholm.

Birka. The remains of the Viking-age town of Birka are situated on the 
northern part of Björkö in lake Mälaren, which was a bay of the Baltic 
Sea during the Viking age and up to the 13th century. The town was 
deserted at the end of the 10th century, and the site is not known to have 
been populated since then. The culture layer of the town is called the 
Black Earth, owing to its high content of firewood ash. During the 19th 
century, Stockholm used it as a garbage dump. In the 1870:s Hjalmar 
Stolpe excavated the site extensively, the town layers as well as the 
cemeteries. The Black Earth was farmed by traditional methods until 
1912, when it was bought by the Central Board of National Antiquities; 
since then the fields, sloping towards the lake, have been used for hay
making and for grazing sheep and cattle. In the 1970:s B. Ambrosiani 
and B. Arrhenius excavated a 10th century jetty, some 5 m above the 
present sea level.

The 15 bronze objects treated in this report were found during the 
1993-1994 seasons of the 1990-1995 excavation at Birka, also
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conducted by B. Ambrosiani. The excavation covered an area of about 
350 m2, at an elevation of 6-8 m above sea level. The culture layers were 
1.5-2 m thick, covered by a 0.4 m thick plough layer. The soil was very 
fine-grained and formed tightly packed, thin layers, especially near and 
in building remains. Our analyses of soil samples showed high contents 
of calcium, phosphate and sulphur-containing compounds, differing 
markedly from soil from the other sites, viz. Fresta, Valsta and Sollen
tuna (cf. section 3.3). Photographs are shown in Fig. 3-1 and 3-2. 
Calcite deposits were found (Rundqvist 1995), and strata disturbed by 
Stolpe’s excavations were also encountered. An 8th-century jetty 
demonstrates that the site was at the shoreline during the subsequent 
century. Refuse layers, rich in animal bones, have been excavated in the 
passages between building foundations. A bronze foundry was disco
vered in the oldest part of the settlement, raising the question whether 
the high sulphur content of the soil was due to some kind of production 
process. The best preserved finds were found in the plough layer. Even 
if Stolpe only collected the best preserved artefacts, none of those found 
today is as well preserved as the best ones from the early excavations in 
the 1870:s. There is no motor traffic on Björkö, but an aviation school 
practises and airliners approach landing above the island.

Fig. 3-1. The 1990-1995 excavation at Birka. Photo by Jan Norrman. 
Flygfotografi över Birkagrävningen 1990-1995. Foto Jan Norrman.
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Fig. 3-2. The sequence of culture layers within the site of a building. A picture of the 
complex context in the Black Earth. Drawing Mattias Bäck.
Olika lager i en byggnad i Svarta jorden. Teckning Mattias Bäck.

Fresta. The cemetery at Odenslunda/Fresta (called Fresta below) was 
situated on level ground, partly covered by an asphalted driveway. 
Many graves were damaged by the driveway, plunderers, or disturbed 
by a sandpit operation, but despite this, the burial deposits were often 
intact. A total of 40 stone settings were discovered at the excavation, 
2-12 m in diameter; of these 26 contained cremations and 16 were 
inhumation graves. The cremation remains consisted of scattered 
burned bones in pits and in urns. They were covered by 1-3 layers of 
stones, sparsely set in layers of soil. The preservation of the inhumated 
bones was bad - only the teeth remained. The predominant soil type at 
the site was permeable sand. The cemetery could be dated to the third 
and fourth century A.D. (Edenmo 1996), see Figs. 3-3 to 3-7.
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Fig. 3-3. Map of the Fresta/Odenslunda cemetery. 
Plan över gravfältet vid Fresta/Odenslunda.
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Fig.3-4. A typical stone setting at Fresta/Odenslunda (A35), seen from above. The 
stones were sparsely set, immediately below the turf cover. The internal packing, with 
soot layer and bronze object, is shown.
Exempel på stensättning från Fresta/Odenslunda (A35). Från ovan. Stenpackningen 
var gles och kom direkt under torvytan. Den inre packningen, sotlager och bronsfynd 
är markerade.
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Fig. 3-5. Profile of stone setting A35. The burial consisted of scattered burned bones. 
The analyzed objects were found at the centre of the construction.
Profil genom stensättningen A3 5. Gravskicket utgjordes av spridda brända ben. De 
analyserade föremålen låg centralt i anläggingen.

Fig. 3-6. General view of the Fresta/Odenslunda cemetery. Photo Roger Edenmo. 
Översiktsbild över gravfältet vid Fresta/Odenslunda. Foto Roger Edenmo.
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Fig. 3-7. One of the stone-settings at the Fresta/Odenslunda cemetery. Photo Roger 
Edenmo.
Detaljbild av en av stensättningarna på gravfältet vid Fresta/Odenslunda. Foto Roger 
Edenmo.

Valsta. The Valsta cemetery is situated on a hill slope, immediately 
adjoining a building site of a medieval hamlet (Figs. 3-8 to 3-12). The 
bed-rock was located less deep than at Fresta and even cropped out in 
places. A total of 40 graves were found; 24 of these were stone settings, 
mostly covering funeral pyres. The stone constructions in the graves 
were similar to those of Fresta. Two barrows were also excavated (A43), 
and some inhumations were found at the site, without a covering super
structure. One of the graves contained an almost complete skeleton of 
an approximately 3-year-old child. The soil types at the site were sand 
and moraine, but some burials were deeply sunk into the clay ground. 
The field could be dated to the Viking age, 800-1000 A.D. (Andersson, 
final report in preparation at the Central Board of National Antiquities, 
UV).
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Fig. 3-8. Map of the Valsta cemetery, Norrsunda parish. 
Plan över gravfältet vid Valsta, i Norrsunda socken.



Figs. 3-9 and 3-10. Plan and profile drawing of the A43 barrow of the Valsta grave 
field. Below a central stone packing was a thick cremation layer containing soot and 
charcoal, in which bronzes were found. The layer also contained a half silver coin, 
two glass beads, fragments of combs and bone/horn counters. A centrally placed, 
broken clay vessel contained i.a. a human parietal bone fragment. Many pieces of 
bone were also scattered around the vessel, in the cremation layer.
Plan och profil över högen A43 pä gravfältet vid Valsta. Under kärnröset i högen 
fanns ett kraftigt brandlager med sot och kol, i vilket bronser påträffades. I brandlag
ret fanns också ett halvt silvermynt, två glaspärlor, kamfragment och spelbrickor av 
ben/horn. I centrum stod ett krossat lerkärl som bland annat innehöll ett stort 
skalltaksfragment från en människa. Rikligt med ben fanns också runt krukan i 
brandlagret.
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Fig. 3-11. Aerial photograph of the Valsta cemetery. Photo Jan Norrman. 
Flygbild över gravfältet vid Valsta. Foto Jan Norrman.

Fig. 3-12. Profile of the A43 barrow of the Valsta cemetery. Photo Gunnar Andersson. 
Profil genom bögen A43 på Valstagravfältet. Foto Gunnar Andersson.
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Sollentuna. The excavated part of the Häggvik cemetery in Sollentuna 
is situated on the north slope of the Skälby hill, overlooking a built-up 
area. Illustrations are shown in Figs. 3-13 to 3-15. The soil is moraine. 
A total of 40 graves were found, predominantly stone settings, but 
barrows and wooden cists below level ground were also encountered. 
The stone settings mostly consisted of several stone layers separated by 
packed soil. The barrows comprised a central stone-packing or cairn. 
There were cremations as well as inhumation graves, which varied in 
the degree of preservation from a complete absence of bones to almost 
intact skeletons, even among immediately adjacent graves. Most crema
tions consisted of soot layers with an urn containing the burned bones. 
On many urns was placed an iron ring with a miniature hammer, the 
emblem of the Nordic God Thor.

The level-ground skeleton graves were shallower than those at Fresta/ 
Odenslunda, ranging from a depth of 0.5 m to immediately below 
ground. However, the cemetery had been damaged by (later demoli
shed) buildings, earth cellars and driveways. Earth removal for building 
foundations had destroyed some of the burials and removed the 
protecting cover of others. Excepting one cist burial (A5), which was 
almost completely destroyed, all the analyzed bronzes came from well- 
preserved skeleton graves. The grave field was dated to the late Viking 
age (Agneta Åkermark, personal communication; report in preparation 
at the Central Board of National Antiquities, UV).

Fig. 3-13. Aerial photograph of the Häggvik cemetery. Apartment blocks are seen to 
the right of the field. Photo Jan Norrman.
Flygfoto över gravfältet vid Häggvik. Till höger om gravfältet syns flerfamiljshus. 
Foto Jan Norrman.
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Fig. 3-14. Plan of the All skeleton grave at Häggvik, Sollentuna. A detail depicting 
the burial is also shown. Beside the right femur lay the decayed remains of a girdle 
with bronze fittings. A slate whetstone was found at the foot end of the wooden 
coffin, of which only the nails remained.
Plan över skelettgraven All i Häggvik, Sollentuna. Överst syns en detaljritning av 
skelettbegravningen. Invid skelettets högra lårben låg förmultnade rester av ett bälte 
prytt med bronsbeslag. Vid fotändan påträffades ett skifferbrynje. Av kistan återstod 
endast kistspikarna.
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Fig. 3-15. Profiles (A and B) of the low All barrow. Profile B shows the cranium and 
a few bronzes.
Profiler (A och B) genom den flacka högen All. I profil B är skelettets kranie synligt, 
liksom några bronser.

3.2 The bronze artefacts
Anders G. Nord, Kate Tronner and Monika Fjaestad

A total of 66 recently excavated bronze (or copper-alloy) artefacts have 
been carefully investigated, namely 15 from Birka, 13 from Fresta, 11 
from Valsta, and 27 from Sollentuna/Häggvik. The “degree of deteriora
tion”, a crucial parameter indeed in this study, was determined for each 
object by means of visual inspection, including an estimation of corro
sion depth and a comparison of the volume of the residual metal core 
and the original size, supplemented by X-ray radiographs. Accordingly, 
the deterioration is given (i) as the percentage of a (theoretical) cross 
section consisting of corrosion products (Nbr%), (ii) as a numeric code 
from 1 to 5 according to the scheme below (Nbrg), and (iii) by the 
estimated corrosion depth in millimeters (“Kdjup”).

Nbrg=degree of deterioration Nbr%=part of cross section (%)
consisting of corrosion products

1 (almost no corrosion)
2 (minor corrosion)
3 (considerable corrosion)
4 (major corrosion)
5 (almost no metal core)

0- 10 
10- 30 
30- 60 
60- 90 
90-100

Not even this conscientious method, also used by Scharff (1993), is 
without objections. For instance, a thin-walled object from the iron age 
may have corroded completely, while a solid object in similar surround
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ings will only be affected at the surface. Furthermore, the exact design 
and weight of an object is usually unknown except in rare cases, e.g. 
when a large number of identical objects have been found, or for a 
bronze weight of known original mass. However, these disadvantages 
could be overcome by careful assessment of all objects by the same 
expert conservator, and because the thickness of material is rather 
similar for the objects. A summary of the 66 objects, with some charac
teristics including the deterioration variables, is presented in Table 3-1. 
All objects have been photographed in colour. Some typical examples 
are shown in Figs. 3-16, 3-17 and 3-18.

Table 3-1. Examined bronze artefacts (1993-1994) 
Undersökta bronsföremål.

Uppland
Am

Adelsö sn 
Fm

Birka
Artefact Weight g Kdjup mm Nbrg% Nbrg

1993
R004501 F50268 Key 4.09 0.5 25 2
R004821 F50265 Equal armed brooch - - 90 5
R004504 F50270 Strip 22.45 - 90 5
R004099 F50267 Equal armed brooch 11.98 80 4
R004099 F50266 ” ” ” 10.82 - 70 4
R004338 F50263 Dress pin 6.72 0.5 30 2
R004338 F5026 ” ” 9.85 0.3 20 2

1994
R005933 F59757 Chape 8.03 - 100 5
R006166 F59768 Plate 1.51 0.5 50 3
R006245 F59889 Ring shaped thread 0.94 - 100 5
R006620 F59900 Key 12.51 - 100 5
R006728 F59901 Melted lump 8.31 1.0 40 3
R006724 F59902 Strip 1.65 0.5 50 3
R006950 F59903 Cloissonné cells 4.32 - 100 5
R006945 F59904 Bar 26.27 - 80 4

Uppland Fresta sn Odenslunda RAÄ 35
Am Fm Artefact Weight g Kdjup mm Nbrg% Nbrg

1993
102 123 Wine scoop - 0.5 35 3
22 128 Fibula brooch 21.85 0.7 35 3
35A 35 Fibula fragment 5.5 - 95 5
100 55 Strip 9.05 0.5 25 2
100 41 ” 6.9 0.7 40 3
29 48 Part of arm ring 4.24 0.3 20 2
29 49 ” ” ” ” 4.79 0.5 25 2
29 30 Strip 13.91 0.7 40 3
29 33 Melted lump 3.88 1 40 3
102 76 Coin 3.61 0.5 35 3
100 57 Strip 4.48 1 40 3
100 54 Oval thread 6.6 0.5 30 2
102 119 Fragment - - - —
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Uppland Norrsunda 
Anr Fnr

sn Väistä Fornlämning 59
Artefckt Weight g Kdjup mm Nbrg% Nbrg

1993
38 613:1 Ring shape 2 —
49 788:2 Rectangular brooch 4.57 - 90 5
44 622:2 Cross shaped mount 7.66 0.4 40 3
59 740:1 Weight 3 - —
47 629:1 Plate fragment - - 100 5
70 725 Buckle 11.45 0.3 30 2
43 730:2 Fragment - - 100 5
59 740:2 Ring end 1.47 1 40 3
52 792:5 Plate fragment - - 100 5
70 726 Edge mount 3.36 0.2 40 3
52 792:4 Fragment - - — —
52 792:3 Thread fragment - - 50 3
52 792:6 Fragment - - - -

Uppland Sollentuna : 
Anr Fnr

;« Häggvik RAÄ 291, 
Artefact

293.
Weight g Kdjup mm Nbrg% Nbrg

1994
11 7:1 Buckle 10.37 0.1 10 1
11 7:2 Belt rivet 1.76 0.2 15 2
11 7:3 Ring with strap ends 22.5 0.5 25 2
11 7:4 Belt rivet 5.24 0.2 15 2
11 7:5 ” ” 4.25 0.5 25 2
11 7:6 ” ” 4.28 0.5 25 2
11 7:7 4.36 0.5 25 2
11 7:8 ” ” 4.38 0.4 20 2
11 7:9 ” ” 5.52 0.2 15 2
11 7:10 4.32 0.3 15 2
11 7:11 ” ” 4.17 0.2 15 2
11 7:12 Ring with strap ends 20.05 0.3 20 2
11 7:13 Belt rivet 1.97 0.3 30 3
11 7:14 ” ” 5.09 0.2 15 2
11 7:15 ” ” 5.12 0.4 30 3
28 13 Needle case 5.97 0.3 35 3
28 12 Ring pin 0.65 - 40 3
5 5 Mount 1.65 0.5 40 3
5 7 Ring 7.66 - 20 2
8 8:24 Fragment 0.054 - 100 5
1 17 Buckle 2.64 0.3 25 2
1 16 Ring 3.55 0.5 35 3
1 15 Ring 3.16 0.5 35 3
9 6 Buckle 11.97 0.1 10 1
9 7 Ring with strap ends 12.77 0.1 10 1
9 8 ” ” ” ” 16.71 0.3 15 2
9 9 Strap end 7.42 0.2 10 1

Kdjup = Depth of corrosion 
Nbrg = Degree of deterioration 
Anr = Number of the construction 
Fnr = Object number
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Fig. 3-16. Rectangular buckle of bronze from Väistä (A49, F788:2, V802).The degree 
of deterioration Nbr% is as high as 90%; i.e., the artefact mainly consists of corro
sion products (cuprite, malachite, brochantite, antlerite, goethite, and magnetite). 
Photo RIK/foto.
Rektangulärt bronsspänne från Väistä (A49, F788-.2, V802).
Nedbrytningsgraden är 90%, dvs föremålet består huvudsakligen av korrosionspro
dukter (kuprit, malakit, brocbantit, antlerit, goethit, och magnetit). Foto RIK/foto.

Fig. 3-17. A bronze key from Birka (R004501, F50268, B601). Nbr% is 25%, with 
cuprite, malachite, smithsonite and copper phosphate as main corrosion products. 
Photo RIK/foto.
Bronsnyckel från Birka (R004501, F50268, B601). Nedbytningsgraden Nbr% är 
25%, med kuprit, malakit, smithsonit ocb kopparfosf ater som huvudsakliga korro
sionsprodukter. Foto RIK/foto.
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Fig. 3-18. A needle case from Sollentuna (A28, F13, S526). Nbr% is 35%. Identified 
corrosion products: malachite, atacamite, brochantite, and copper phosphates. Photo 
RIK/foto.
Nålhus från Sollentuna (A28, F33, S526). Nbr% är 35%. Påvisade korrosionspro
dukter: malakit, atacamit, brochantit, och kopparfosfater. Foto RIK/foto.

A small fragment of each metal core, whenever remaining, has been 
used for semi-quantitative analysis by means of a JEOL JSM-840A scan
ning electron microscope equipped with an energy-dispersive LINK unit 
for X-ray microanalysis (SEM/EDS). The compositions of 49 copper- 
alloy objects are summarized in Table 3-2. All objects contain a large 
quantity of copper, and at least one of the metals tin, zinc or lead. 
Usually there is also some iron, and sometimes trace elements like anti
mony, arsenic, or silver. Bronze is basically defined as an alloy with 
approximately 90 wt% of copper, and the rest consisting of tin. Accord
ingly, many of the metals studied are not true bronzes but should rather 
be regarded as brass or some other copper alloy. For instance, the Birka 
objects B606 and B607 contain no tin at all, and most of the Sollentuna 
artefacts contain very little tin, if any. On the whole, the Birka objects 
display the greatest variety in metal composition. However, this divers
ity, in addition to various (often unknown) metallurgical treatments and 
manifacturing techniques, does not seem to have created any large 
differences in corrosion pattern for the objects (see section 3.4).

All corrosion products occuring on an artefact have been sampled by 
a metal conservator. Photographs and drawings will help future studies. 
Often a large number of different corrosion products occur on the same 
object, sometimes as much as 7-10 substances. The chemical analysis 
involved examination in an optical microscope and a SEM/EDS 
analysis. In addition, almost all corrosion samples have so far been 
analyzed by X-ray powder diffraction (XRD) utilizing various tech-
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Table 3-2. Data from SEM/EDS metal analysis of metal cores. 
Composition is given as weight per cent (wt%). Abbreviations for 
internal identification: N=Internal number, B=Birka, F=Fresta, 
V=Valsta, S=Sollentuna.
Data från analys av metallkärnor med SEM/EDS. Sammansättningen 
anges i viktsprocent (wt%). Förkortningar: N-internt nummer, 
B-Birka, F=Fresta, V=Valsta, S-Sollentuna.

N Identification Cu Zn Fe Sn Pb

B601 Birka R004501, F50268 88.8 0.0 0.3 10.9 0

B602* Birka R004821, F50265 90 7 <0.2 3 <0.2
B604 Birka R004099, F50267 78.5 19.0 0.1 0.7 1.6

B605 Birka R004099, F50266 84.3 13.4 0.3 0.4 1.6
B606 Birka R004338, F50263 67.4 16.2 0.5 0.0 16.0
B607 Birka R004338, F50269 58.8 19.9 0.1 0.0 21.2

B612 Birka R006166, F59768 80.8 3.5 0.4 4.7 10.6

B615 Birka R006728, F59901 77.4 14.7 1.2 0.3 6.1
B616 Birka R006724, F59902 77.2 1.0 1.3 0.8 0.8

B618 Birka R006945, F59904 90.5 4.9 0.5 0.0 4.1

F702 Fresta A22, Fl 28 84.4 12.7 1.0 1.9 0.0
F704 Fresta A100, F55 88.9 5.6 0.4 3.8 1.3
F705 Fresta A100, F41 85.3 7.3 0.3 4.4 2.7
F706 Fresta A29, F48 91.9 4.1 0.3 3.1 0.6
F707 Fresta A29, F49 90.2 3.0 0.6 5.4 0.8

F708 Fresta A29, F30 96.1 0.0 0.1 3.5 0.3
F709 Fresta A29, F33 89.8 3.8 0.2 2.4 3.9

F710 Fresta A102, F76 93.0 0.5 0.1 6.1 0.3
F711 Fresta A100, F57 84.0 9.2 0.4 1.0 5.3
F712 Fresta A100, F54 83.6 9.0 0.4 1.9 5.1

V802 Valsta A49, F788:2 88.2 0.1 0.7 8.2 2.8

V803 Väistä A44, F622:2 77.4 1.7.3 0.5 0.0 4.9

V806 Valsta A70, F725 86.7 9.3 0.1 1.7 2.1

V808 Valsta A59, F740:2 55.5 7.9 0.1 0.6 35.8

S501 Sollentuna A8, F8:24 66.7 30.0 0.2 0.0 3

S511 Sollentuna All, F7:l 80.0 11.1 0.1 0.0 8.8

S512 Sollentuna All, F7:2 82.6 14.0 0.3 0.0 3.1

S513 Sollentuna All, F7:3 77.8 13.8 0.1 0.0 8.3
S514 Sollentuna All, F7:4 73.4 13.0 0.3 0.1 13.2
S515 Sollentuna All, F7:5 75.2 12.6 0.2 0.0 12.0

S516 Sollentuna All, F7:6 80.7 13.9 0.3 0.2 5.0
S517 Sollentuna All, F7:7 82.7 14.6 0.2 0.0 2.5
S518 Sollentuna All, F7:8 71.4 12.8 0.3 0.0 15.5

S519 Sollentuna All, F7:9 80.1 15.6 0.2 0.1 3.9

S520 Sollentuna All, F7:10 77.4 13.7 0.4 0.0 8.5

S521 Sollentuna All, F7:ll 77.0 13.9 0.2 0.0 8.9

S522 Sollentuna Al 1, F7:12 82.9 14.9 0.2 0.0 1.9

S523 Sollentuna All, F7:13 81.1 14.3 0.3 0.0 4.3

S524 Sollentuna All, F7:14 78.4 14.2 0.3 0.1 7.0

S525 Sollentuna All, F7:15 73.6 14.5 0.2 0.2 11.6

S526 Sollentuna A28, F13 75.2 7.5 1.1 1.5 14.8
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N Identification Cu Zn Fe Sn Pb

S528 Sollentuna A5, F5 78.7 9.3 0.2 0.0 11.8
S531 Sollentuna Al, F17 78.3 13.7 0.1 0.9 7.0
S532 Sollentuna Al, F16 70.6 14.0 0.1 0.9 14.4
S533 Sollentuna Al, F15 78.0 14.5 0.1 0.7 6.6
S534 Sollentuna A9, F6 82.7 10.6 0.1 0.0 6.6
S535 Sollentuna A9, F7 80.6 13.0 0.1 0.0 6.3
S536 Sollentuna A9, F8 82.2 11.0 0.1 0.0 6.7
S537 Sollentuna A9, F9 76.8 14.6 0.1 0.2 8.4

* Extremely small sample, i.e. low accuracy.

niques: a powder diffractometer for large samples, the Debye-Scherrer 
technique for extremely small samples, and the Guinier-Hägg technique 
whenever the highest accuracy in data was judged to be necessary. A list 
of identified corrosion substances, with chemical formulae, is given in 
Table 3-3. This may be compared with similar data from the literature 
(e.g. Geilmann 1956; Lewin 1970; Tylecote 1979; Borg et al. 1995). 
More details on the corrosion products may be obtained from a report 
by Nord et al. (1994). Ubiquitous soil minerals like quartz, feldspar 
minerals, and calcite were usually registered in the diffraction patterns, 
but are not included in Table 3-3. Also note that tin dioxide hydrate, 
Sn02xH20, is amorphous (non-crystalline) and does not show up in the 
diffractograms.

Naturally, some corrosion products are frequent, and others rare. 
There are also differences between the four archaeological sites. This is 
exemplified in Table 3-4, which summarizes the relative frequency for 
groups of corrosion substances at the four sites. It is obvious that copper 
oxides and carbonates are always frequent, in particular cuprite and 
malachite. The corrosion products are usually very fine-grained, and 
only in rare cases the morphology of a larger crystal may be of help in 
identifying the various species (cf. Fig. 3-19). Copper sulphates and 
phosphates occur more often on bronze artefacts from Birka than from 
the other sites. On the other hand, copper chlorides are not common 
substances on the Birka artefacts, but are usually observed on the Fresta 
bronzes. Some of this corrosion occurs as patches resembling the so- 
called “bronze disease” (e.g. Mattsson 1992). No copper sulphate has 
been identified so far on a Fresta object. As shown in the next section, 
these observations are clearly related to the soil chemistry, i.e., a high 
soil concentration of sulphate or phosphate, as in the anthropogenic 
Birka soil, is likely to preferably produce copper sulphates and phos
phates in the corrosion layers. The high lead concentration in the Sollen
tuna objects is reflected in lead carbonate (cerussite) in the corrosion 
layer. Tin produces amorphous hydrated tin dioxide, almost insoluble 
in water. Naturally, soil taken close to a corroded copper-alloy object 
is enriched in copper and other relevant metals.
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Table 3-3. List of crystalline corrosion products identified by 
SEM/EDS and XRD (X-ray diffraction).
Förteckning över de kristallina korrosionsprodukter, som identifierats 
med hjälp av svep elektronmikro skop och röntgendiffraktion.

Oxides

Cuprite CU2O
Tenorite CuO
Goethite a-FeO(OH)
Magnetite Fe203
(“Tin dioxide”) (Sn02xH20, amorphous)

Carbonates
Malachite CuC03Cu(0H)2
Azurite 2CuC03Cu(0H)2
Smithsonite ZnC03
Cerussite PbCOj

Chlorides
Atacamite Cu2Cl(OH)3 /orthorhombic/
Paratacamite Cu2C1(OH)3 /trigonal/

Sulphates
Brochantite Cu4(S04)(0H)6
Antlerite Cu3(S04)(0H)4
Posnjakite Cu4(S04)(0H)6H20
Bonattite CuS04x3H20

Phosphates
Cornetite Cu3(P04)(0H)3
Cu(II)phosphate Cu3(P04)2x3H20
Unknowns Cu-P-O

Sulphides
Chalcopyrite CuFeS2
Bornite Cu3FeS4
Covellite CuS

All sampled material has been labelled and saved. After the chemical 
analysis, the copper-alloy artefacts have been conserved by a metal 
conservator. The chemical data have been compiled in an EXCEL data 
file (cf. section 3.4). For each object there are 17 chemical or physical 
numeric data, in addition to 15 alphanumeric code words for identifica
tion and characterization.

57



Table 3-4. Relative frequency of various groups of corrosion products, 
observed on objects from the four archaeological sites.
Abbreviations: - so far not observed, (+) rare, + rather common, +(+) 
common, ++ frequent.
Relativ förekomst av olika korrosionsämnesgrupper för de fyra 
gravplatserna. Förkortningar: - ännu ej observerad, (+) sällsynt, + 
ganska vanlig, +(+) vanlig, ++ mycket vanlig.

Corrosion Birka Fresta Valsta Sollentuna

Copper oxides + + + + + + + +
“Tin dioxide“ + + + (+)
Iron oxides + + + +
Copper carbonates + + + + + + +
Zinc carbonate + (+) + +
Lead carbonate + (+) + + +
Copper chlorides (+) + + + +(+)
Copper sulphates + + - + +
Copper phosphates + + + + +(+)
Sulphides (+) - -

Fig. 3-19. A cuprite crystal with cubic symmetry, viewed in the scanning electron 
microscope. Sample taken from the Valsta buckle shown in Fig. 3-16.
Kupritkristall med kubisk kristallsymmetri, fotograferad i ett svepelektronmikro- 
skop. Prov taget från Valstaspännet visat i Fig. 3-16.
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3.3 Chemical analysis of the soil samples
Anders G. Nord and Kate Tronner

At each site, the archaeologists in charge have taken relevant samples of 
soil (300-500 g), which have been kept in sealed plastic bags prior to 
analysis. Soil was always taken close to a bronze artefact, sometimes 
also near objects of other materials (iron, bone etc) for future use. 
Whenever possible, samples were also collected 10-20 cm above and 
10-20 cm below the artefacts, and for reference outside the respective 
construction. In total there are about 200 samples of soil from the four 
examined sites. The chemical analyses have proceeded according to the 
scheme displayed in Fig. 3-20; cf. Jackson (1965), Balsberg-Pahlsson 
(1990), Nord et al. (1994), and Borg et al. (1995). In addition, we have 
partly analyzed specimens (< 50 g) from Apalle (9 samples) and 
Bromma (17 old and 30 new samples). Unfortunately, these were too 
small to allow more than a limited number of analyses (pH, humidity, 
loss on ignition etc), but the information may be of use in future 
statistical processing. A brief outline of methods and significant results 
is presented below. All variables are listed in the Appendix.

A number of variables have been determined by conventional chemi
cal techniques: pH(H20), pH(KCl), humidity, weight loss on ignition, 
electric resistivity, etc. The approximate total composition has also been 
determined by SEM/EDS or XRF, but is not yet included in the statistical 
analysis described below. Nine metals as well as water-soluble sulphur 
(sulphate) and phosphorus (phosphate) have been determined with a 
plasma spectrograph (ICP). Each soil sample has been carefully charac
terized and classified by a geologist. Altogether this has given 37 analy
tical (numeric) data entries for each sample. (Note: no test of microbio
logical activity was made).

Some typical results will be summarized below. Before use all samples 
were dried at 30-40°C and homogenized. Naturally, roots and stones 
were excluded. The data accuracy has been estimated in the following 
way: 28 samples of soil were selected for duplicate analysis. Of these, 
16 were extracted and analysed at the Institute of Geology, University 
of Uppsala. The differences from our analytical data were around or less 
than 8%. Still better results were obtained when the extractions were 
carried out at the Conservation Institute of National Antiquities, and 
the solutions so obtained were sent to various laboratories for analysis 
either by plasma spectrography (ICP) or by atomic absorption spectro
scopy (AAS). Furthermore, different persons at our laboratory have 
analysed fractions of the same sample independently. In these cases, 
involving separate extractions, the difference in final values was also 
slight, usually less than 5%. The present accuracy is judged to be suffi
cient for the statistical evaluations.
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Fig. 3-20. Schematic diagram for analysis of the soil samples. 
Schematiskt diagram för jordanalyserna.

The pH values. For each sample, two aliquots of 10 g each were dried 
at 30-40°C; one was soaked in 100 ml of distilled water, and the other 
in a 1.00 M solution of potassium chloride. The pH values were meas
ured with a pH-meter and a combined glass electrode to give pH(H20) 
and pH(KCl). For the Birka soil, the pH(H20) values were around 8, 
i.e. alkaline soil. Corresponding values for the three other sites were 
around 5-6, indicating a slightly acidic soil. The variation was largest 
for Valsta, with values in the region 3.9-6.8. Generally, pH(KCl) is 
lower than pH(H20) by about one unit for all samples.

The humidity was determined after heating the samples at 105°C. 
Naturally, the values are highly dependent on current weather condi
tions. Quite high values were observed for the Birka samples.

Weight loss on ignition was determined by heating samples dried at 
105°C in ceramic crucibles at 550°C for six hours. Very high values, 
typically 10-20 wt%, were observed for the anthropogenic Birka soil, 
thus indicating large amounts of organic substances. Much lower 
values, usually < 5 wt%, were noted for the three other sites.

The electric resistivity has been determined with a platinum-cell 
conductometer from a 1:10 slurry of dry soil and water. The resistivity 
is generally around 100 ohm.m at Birka, and significantly higher at the 
three other sites.
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The exchangeable acidity was volumetrically determined by titration 
with 0.0200 M sodium hydroxide (to give a total of H and Al), and after 
addition of sodium fluoride back-titration with 0.0200 M hydrochloric 
acid (to separate H and Al). The values are quite low for the alkaline 
Birka soil (0.2-0.3 mekv H per kg dry soil), and significantly higher for 
the three other, more acidic, sites.

Water-soluble chloride has been volumetrically obtained with the 
mercury-based Merck standard titration technique. Typical concentra
tions for Birka are 30-60 ppm (i.e.30-60 mg Cl per kg dry soil), which 
are rather low values. For Fresta, the variation in chloride concentration 
is large, with some really high values (> 500 ppm); cf. Fig. 3-21. This is 
probably due to winter-time salting of a large road that runs through the 
archaeological site. Valsta and Sollentuna have chloride concentrations 
around 100-200 ppm, i.e. intermediate between Birka and Fresta. 
These observations agree well with the fact that atacamite, i.e. basic 
copper chloride, is a frequently occurring corrosion product at Fresta. 
A striking example of rapid corrosion during recent decades was given 
by a seriously corroded, small circular object at Fresta. This turned out 
to be a coin which was only about 50 years old (Gustav V 2 öre); see 
Fig. 3-22.

Phosphate concentrations have been determined by use of the citric 
acid extraction technique, colouring with a molybdate solution, and 
spectrophotometric analysis. Extremely high values, 2000-5000 ppm, 
were found in the anthropogenic Birka soil. High values were also 
observed at Sollentuna, but significantly lower concentrations, usually 
< 1000 ppm, were found at Fresta and Valsta. A similar pattern was 
noted for phosphorus as determined by the plasma spectrograph (ICP). 
These observations are reflected in the corrosion products: copper phos
phates are frequent at Birka and Sollentuna, and less common at the 
two other sites.

Sulphur has been determined in two ways: a total sulphur analysis by 
X-ray fluorescence (XRF) or SEM/EDS of the dry soil, and a water- 
soluble part (mainly sulphate) by ICP after extraction with a concen
trated HCI-HNO3 solution (cf. Fig. 3-20). The former values were 
extremely high (5000-15000 ppm) for the Birka soil, and around 
500-3000 ppm for the other sites. A similar pattern was noted for 
water-soluble sulphur as determined by ICP. It is symptomatic that 
copper sulphate corrosion is much more common at Birka, with its high 
soil sulphur concentration, than at the other sites.

Nine metals (Na, K, Mg, Ca, Al, Fe, Mn, Cu, and Zn) have been deter
mined with a computer-controlled Spectra-Flame-Modula plasma spec
trograph (ICP) from dilute water solutions. For each sample of soil, two 
solutions have been prepared: by extraction of 10 g of dried and ignited 
soil in 50 ml of a 1.00 M solution of ammonium acetate, buffered to 
pH=4.8 with acetic acid, and by extraction of another 10 g with 50 ml
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Fig. 3-21. Concentration of chloride (ppm) for the soil samples from Fresta. The x- 
and y-coordinates are given in meter units. The highest concentrations are found near 
the road (compare text). (Three-dimensional diagram by P. O. Ekström). 
Kloridkoncentrationer (ppm) för jordproverna från Fresta, x- och y-koordinaterna är 
angivna i meter. De högsta koncentrationerna återfinns nära den i texten omnämnda 
vägen. Diagrammet är framtaget av P. O. Ekström.

of a solution of concentrated nitric and hydrochloric acid (3:1). Prior 
to the ICP analysis, further dilution of the solutions became necessary to 
reduce the concentration and improve the instrumental accuracy. Only 
some important results are noted below. Naturally, higher metal 
concentrations were obtained by extraction with the strong acid than 
with the ammonium acetate solution. Below we discuss and quote 
results for the latter extraction as being more chemically relevant for the 
present project.

The concentration of sodium is typically in the range 20-200 ppm, 
somewhat higher in the Birka soil and slightly lower at Fresta. The 
potassium concentration is generally higher than that of sodium, espe
cially in the Birka soil, with most concentrations in the range 300-900 
ppm. These high values may be due to wood ashes in the soil. Quite high 
values were also noted for a few Valsta samples. The concentration of
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Fig. 3-22. A heavily corroded modern bronze coin found at Fresta (Gustav V 2 öre; 
A102, F76, F710) with cuprite and atacamite as main corrosion products. It is obvi
ous that the corrosion has been quite severe during the last 50 years. Photo RIK/foto. 
Kraftigt korroderat modernt bronsmynt funnet i Fresta (Gustav V 2 öre; A102, F26, 
F710), med kuprit och atacamit som huvudsakliga korrrosionsprodukter. Fyndet 
visar, att korrosionen varit avsevärd under de senaste 50 åren. Foto RIK/foto.

magnesium is usually around or below 100 ppm, again with Birka as a 
clear exception having five soil samples (out of 22) with a magnesium 
concentration > 1000 ppm. The calcium concentration is interesting to 
compare among the four archaeological sites. The Birka soil usually 
displays concentrations in the range 30000-100000 ppm, i.e. very high 
values, mainly originating from wood ashes and garbage deposits. At 
Valsta, too, the calcium concentration is rather high, often 1000-10000 
ppm, but significantly lower (100-400 ppm) at Fresta and Sollentuna.

The concentration of aluminium is low in the Birka soil, usually <30 
ppm, and much higher at Fresta, Valsta and Sollentuna, as a rule 
between 100 and 400 ppm. This pronounced disparity is probably an 
effect of different pH values: in a highly acidic soil (low pH) Al3+ may 
be liberated through a buffering mechanism (cf. section 2.3). Iron is 
another ubiquitous element in Swedish soil. The concentration is 
around 100 ppm, somewhat lower for the Birka samples, with high peak 
values now and then when an iron object has corroded in close vicinity 
of the soil sample. The concentration of manganese is highest at Birka 
(10-100 ppm), intermediate at Valsta and Sollentuna (generally 10-30 
ppm), and quite low at Fresta (< 10 ppm). The higher Birka values may 
be due to extensive metallurgical activities. Copper and zinc in soil 
originate from corroded copper-alloy artefacts, or (as in Birka) from
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metallurgical work. Soil in close contact with these objects has clearly 
increased concentrations, often 100 ppm or more, but generally the 
concentrations are < 3 ppm, and even lower for reference samples taken 
outside the constructions.

The base saturation has been calculated for all samples. It is defined 
as the ratio (in per cent) between CC=Ca+Mg+Na+K (in mekv/kg soil) 
and CC+A1+H (mekv/kg). Since the exchangeable acidity (H + Al) is low 
in the anthropogenic and alkaline Birka soil, the base saturation is here 
close to 100%. The Valsta samples also give high values. For Fresta and 
Sollentuna corresponding values are significantly lower, usually 
60-80%.

The soil samples have been geologically classified by a geologist. In 
the first step a thorough survey was undertaken to characterize and clas
sify the various samples and sites. A digitalized system was then adopted 
to better accord with the statistical processing described in the forth
coming sections. In this system six parameters had to be set to zero (=no) 
or unity (=yes) (see Appendix).

The Birka soil is typically anthropogenic. The Quaternary deposit of 
half of the samples is fine silt containing some clay and coarse silt. The 
rest of the samples are diversified: humus, sand, sandy till, mud, or clay. 
At Fresta, most soil samples contain sand (fine or medium). Of the other 
samples, four contain clay and fine silt, the other fine sand or sandy till. 
Near half of the Valsta samples consist of fine sand or sandy till. The 
other half mainly comprise coarse silt and fine sand. The most frequent 
Quaternary deposit at Sollentuna is sandy till. Some samples comprise 
fine sand including some coarse silt and medium sand.

The total number of numerical data entries amounts to 37 for each 
soil sample (see Appendix). Several samples have been sifted through a 
system of sieves to determine the grain size distribution, in which case 
another ten parameters were obtained. As exemplified above, the soil 
data show many interesting similarities and differences between the four 
sites with respect to soil chemistry, metal composition and corrosion 
products. However, a statistical evaluation had to be undertaken with 
a technique that could handle the large number of data and variables 
(next section).
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3.4 Statistical evaluation
Einar Mattsson and Anders G. Nord

3.4.1 Data base and evaluation technique
The variables. The present study involves a large number of variables. 
Each bronze artefact is characterized by 17 chemical/physical data 
records and 15 alphanumeric code words (cf. section 3.2). In addition, 
each object is linked to at least two soil samples, one taken close to the 
object and a reference sample taken outside the construction. In many 
cases, where it has been possible for the archaeologists, two further 
samples of soil have been taken, namely above and below the artefact 
in question. However, data for these latter samples have been excluded 
from most statistical evaluations in order to keep the number of data 
records within reasonable limits. At present there are 37 numerical 
records for each soil sample in the data files (cf. section 3.3).

The archaeological context for every object also comprises a number 
of variables describing type of site, construction, occurrence of soot, 
other objects found near the bronze artefact, distance below the ground, 
height above sea level, etc. Altogether this gives 33 parameters. In addi
tion, each site is coded by 46 general environmental parameters, here 
called “comprehensive parameters”, in terms of geology, geography, 
vegetation, land use, local or distant polluting sources, expected amount 
of atmospheric deposition, etc.

The total number of numerical variables linked to each bronze 
artefact are as many as 170 (17+37+37+33+46), in addition to 15 
alphanumeric code words. A list of all variables, with brief explana
tions, is given in the Appendix.

The EXCEL data files. All data have been recorded in EXCEL data files. 
The present EXCEL “bronze file” with 66 artefacts contains about 
12000 data. This is the largest file. The EXCEL “soil file” contains more 
than 7000 chemical data from the analysis of about 200 samples, some 
of them related to bronze artefacts, others to objects of bone or iron not 
yet investigated, and some reference samples. An additional “bone file”, 
with data for unburned human bone, is being prepared, and an “iron 
file” is planned within this project.

Statistical methods. The complete material now consists of about 20000 
numerical data, comprised in EXCEL data files. Statistical evaluations 
were undertaken at Umetri AB (Umeå, Sweden), by means of the 
SIMCA-S system, using two methods: the principal component analysis 
(PCA) which aims at finding similarities and differences among vari
ables, and partial least-squares projections to latent structures (PLS), 
which is a mathematical regression analysis technique to handle a large 
number of variables and data.
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3.4.2 Evaluation of soil data
In the first step all soil parameters were analyzed by PCA, confirming 
our earlier mentioned observations that the Birka soil is clearly distingu
ished from the soil samples at the three other sites (cf. Fig. 3-23). A 
further distinction between Fresta and Valsta was tested, showing that 
the concentrations of calcium, aluminium, chloride and phosphate were 
the best indicators.

Because of the clear difference between Birka and the three other sites, 
the continued regression analyses linking the bronze variables to the 
soil, archaeological and comprehensive parameters should be carried 
out separately for Birka respectively Fresta-Valsta-Sollentuna in addi
tion to a later statistical processing of the complete data set. This implies 
that in the former evaluations a large number of comprehensive para
meters could be omitted, thus reducing the number of variables. We also 
compared soil samples taken above, close to, and below an object, and 
reference soil samples. The results showed that there are great similari
ties within each group of three related samples, and that it is not mean
ingful to take soil samples above and below the bronze artefacts in 
excess to the soil sample close to the object.

4-
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Fig. 3-23. The two most important (first) principal components of all soil samples plot
ted in a two-dimensional diagram. It is evident that Birka (B) differs significantly from 
Fresta (F), Valsta (V) and Sollentuna (S).
De två viktigaste (första) principalkomponenterna för alla jordprover, markerade i 
ett tvådimensionellt diagram. Det är tydligt, att Birka (B) skiljer sig markant från de 
tre övriga gravplatserna Fresta (F), Valsta (V) och Sollentuna (S).
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Fig. 3-24. Principal component analysis (PCA) for the bronze objects, indicating close 
relationships within each site.
Principalkomponentanalys (PCA) av bronsfynden, vilken visar att ett nära samband 
råder mellan fynden från var och en av utgrävningsplatserna.

A comparison of the 37 soil variables was undertaken. As expected, 
many variables are related to each other, such as pH(H20) and 
pH(KCl), or ICP-determined metal concentrations of Ca, Al, Na etc. 
extracted with ammonium acetate and concentrated acid, respectively. 
Accordingly, it might be possible to consider reducing the chemical 
work in the future, to free resources for other desired analyses.

3.4.3 Evaluation of bronze data
The ultimate aim of this study is to correlate the deterioration with all 
parameters characterizing the object, the environment and the archae
ological context. The 66 bronze artefacts were first processed by PCA. 
The results are shown in Fig. 3-24. From the diagram it appears that the 
sites have significant differences, Birka (B) forming one group and Fresta 
(F), Väistä (V) and Sollentuna (S) another one. The groups are more 
uniform than those of corresponding soil samples (cf. Fig. 3-23).

Fig. 3-25 shows the relation between the variables expressing deteri
oration. (The variables are explained in section 3.2). The deterioration 
given in per cent (Nbr%) indeed agrees very well with the degree of 
deterioration (Nbrg) as well as with the corrosion depth (Kdjup) which 
from a scientific point of view is the most appropriate measure of the
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Fig. 3-25. PCA analysis of the bronze objects. The “degree of deterioration” is given 
in per cent (Nbr%) or as a number from 1 to 5 (Nbrg). “Kdjup” is the corrosion 
depth in mm. “Mkär” indicates whether there is a remaining metal core or not (0=no, 
l=yes).
PCA-analys av bronsfynden. Nedbrytningsgraden anges i procent (Nbr%) eller som ett 
tal mellan 1 och 5 (Nbrg). Korrosionsdjupet (Kdjup) anges i mm. ”Mkär” anger om 
metallkärnan finns kvar eller ej (0=nej, l=ja).

deterioration. It was not possible, however, to determine the corrosion 
depth for several of the objects, whereas the degree of deterioration 
could be estimated for all artefacts. For this reason, the PLS analysis was 
focused on the correlation between the degree of deterioration and all 
other, 168 variables (parameters).

The correlation found in the PLS analysis is expressed by regression 
coefficients (rc). The rc:s determined by multivariate analysis give quali
tative information about the effect of various parameters on the deteri
oration, but do not give quantitative measures with specified confidence 
intervals. Most rc:s have turned out to be close to zero and do not indi
cate any significant correlation. Attention should be paid to the rc:s with 
the highest numerical values. According to Pareto’s principle, an empir
ical rule, 20-30% of the rc:s recorded can be expected to give important 
information (Albano 1995). A positive value of an rc indicates a para
meter that has contributed to increasing the deterioration, while the 
opposite is true for an rc with a negative value. A “significant” rc, 
however, does not necessarily indicate a casual connection. There is a 
possibility of co-variance between two parameters, of which only one 
affects the corrosion. On the other hand, a “significant” rc value is a 
prerequisite for the determination of a cause-effect relation.

As the soil conditions at the B site (Birka) were found to be very differ
ent from those at the other three sites, the rc:s for the B excavation are
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shown separately in Fig. 3-26 and those for the excavations at F, V and 
S jointly in Fig. 3-27. Due to the very great differences between soil 
conditions at B and F-V-S, comparisons will primarily be made within 
each group, and not between the two groups.

Influence of archaeological conditions. The following archaeological 
parameters at F-V-S show significant positive rc:s relating to the degree 
of deterioration: location near burned bone (IntBbe), location in heavy 
or medium cremation layer (Brlk and Brim), and location in soil 
containing soot (Sot). Significant positive rc:s were also found at B for 
location near burned bone (IntBbe), location in soil containing soot 
(Sot) and location in cremation layer (Brl). One factor in common for 
these environmental parameters is the presence of soot, for burned 
bones are usually located in cremation layers. Soot mainly consists of 
partly crystallized graphite (a type of carbon). From corrosion science 
it is known that direct contact with graphite or carbon may accelerate 
the corrosion of metals, due to galvanic corrosion. For exampel carbon 
films in copper water tubes are known to cause serious corrosion in the 
tubes (Mattsson 1989). Therefore, it seems consistent with previous 
experience within the field of corrosion that the presence of soot acceler
ates the deterioration of bronze artefacts in soil.

A positive rc is also noted relating deterioration and location near a 
silver object (IntAg) at F-V-S, although the objects are few. This could 
also be expected, as silver is more noble than bronze and therefore will 
cause galvanic corrosion on the latter when in direct contact. On the 
contrary, a negative rc was found for location near iron (IntFe) at B, 
which could also be expected, as iron is less noble than bronze and will 
give cathodic protection to the latter, when the two metals are in direct 
contact.

From the excavation at B a positive rc was found for location at the 
path between houses (Gång), while the rc is negative for location within 
or near houses (Gird). These results also seem reasonable, as more 
waste (of unknown composition) has probably been deposited on the 
paths than within or near the houses.

Influence of soil parameters. From the excavation at B a negative rc was 
found for location in the upper part of the culture layer (Klgrö), while 
a positive rc was found for depth below the ground surface (Djupm). 
Further, a positive rc was found for location in barrow (Hög) at F-V-S. 
These results agree with previous knowledge that the corrosivity in soil 
is greatest at a depth where the soil pores are partly filled with water, 
so that electrolyte (water) is present and at the same time the supply of 
air (oxygen) is sufficient to satisfy the action of the corrosion cells (see 
chapter 2.2). - The negative rc for the parameter “height above sea level” 
(Höh) at both B and F-V-S may have a similar explanation, as the water
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Fig. 3-26. Regression coefficients relating various parameters to the degree of deterio
ration (Nbrg); Birka (B).
Regressionskoefficienter för olika parametrars relation till nedbrytningsgraden 
(Nbrg); Birka (B).
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Fig. 3-27. Regression coefficients relating various parameters to the degree of deterio
ration (Nbrg); Fresta (F), Väistä (V), and Sollentuna (S).
Regressionskoefficienter för olika parametrars relation till nedbrytningsgraden 
(Nbrg); Fresta (F), Väistä (V), och Sollentuna (S).
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table and the most corrosive zone might be located at a greater depth 
on a hill than in a valley. - The effect of soil type may also be related to 
moisture. At F-V-S fine-grained soils (NMor, Mor) have more positive 
rc:s than coarse-grained soils (NGm, Gm, GK). Apparently the former, 
which have the finest pores, have been more corrosive than the latter, 
possibly due to a higher content of moisture.

As for the influence of the soil chemistry on the deterioration, positive 
rc:s were obtained for the phosphate content (PicpS, Nfosfat and Fosfat) 
at F-V-S and also at B (Nfosfat). In addition, positive rc:s were obtained 
for corrosion products containing phosphorus at both F-V-S and B. 
These results are surprising, because phosphate is generally considered 
to give corrosion protection to metals (O. Arrhenius 1930 and B. 
Arrhenius 1973). One interpretation may be that corrosion has been 
caused by another corrodant, occurring together with phosphate. One 
possibility is that phosphate promotes corrosion by increasing the mois
ture content of the soil.

The chloride content received a positive rc at B (Birka) but negative 
rc:s at F-V-S (Klorid and Nklorid). The negative rc:s in the latter case 
may depend on a passivating effect of chloride due to the formation of 
solid corrosion products, stable in the pH range (about 4-5) existing at 
F-V-S. Even if this leads to a comparatively low degree of total deteriora
tion, however, localized corrosion has taken place extensively, especially 
on the objects excavated at F, where the corrosion products contained 
large amounts of chloride. At F the soil occasionally has very high chlor
ide content, probably originating from road salt, as a road is crossing the 
cemetery. - At B, where a pH value of about 8 is prevailing, chloride seems 
to stimulate the deterioration, possibly because the corrosion product 
protective at pH 4-5 is then outside its stability range (Mattsson 1961).

Acidification of soil leads to decreasing base saturation, increasing 
exchangeable acidity and eventually to decreasing pH value. Several of 
the soil parameters measured are related to acidification, and especially 
those representing the neighbourhood of the object (having a code that 
in the Appendix list begins with an “N”) should be taken into account. 
At F-V-S positive rc:s were obtained for the exchangeable acidity (Nut- 
bac) and its hydrogen part (NutbH), while negative rc:s were obtained 
for the base saturation (Nbasm) and the pH values (NpHv and 
NpHKCl). Thus, these results all indicate that soil acidification in the 
vicinity of the object increases corrosion. Similarly, at B a positive rc was 
found for the exchangeable acidity (Nutbac) and negative rc:s for the 
base saturation (Nbasm) and the pH value measured in water (NpHv), 
supporting the conclusion mentioned on the effect of acidification on 
corrosion. In contradiction, however, the pH value measured in KC1 
solution (NpHKCl) showed a positive rc. This result is assumed to be 
erroneous, because the pH relation to corrosion should be the same, 
irrespective whether pH is measured in water or in KC1 solution. As all
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the excavation sites included in the investigation so far are located in the 
Mälaren region, an extension of the study to include also excavations 
at the west coast of Sweden, and on Gotland or in Skåne, where the soil 
acidification is different, may shed further light on this matter.
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4 Examination of excavated 
bronzes in museum 
collections

Monika Fjæstad and Inga Ullén

In accordance with the project plan, a study of bronze artefacts from 
earlier excavations was initiated in 1995. The aim of the present study 
is to provide a survey of the state of deterioration of objects as a function 
of time of discovery, and also to supply a comparison in that respect 
between the east and west coast of Sweden. The deposition of air-borne 
pollutants has been shown to be most serious in the south-west prov
inces (Westling et al. 1992), and the survey may be expected to yield a 
picture of the impact on the status of archaeological artefacts in soil and 
also to shed light on the importance of grave type and burial customs 
on the preservation of the finds. As many objects as possible should be 
included in the survey, in order to ensure good statistical significance.

4.1 Procedure and examined artefacts
The investigation mainly comprises objects in museum collections, and 
it has been carried out jointly by an archaeologist and a conservator. 
For consistency, the same persons have surveyed the entire material and, 
most important, have examined each artefact before retrieving recorded 
information about its date of excavation and archaeological context. 
Each object has been identified and classified, and its degree of deterio
ration estimated from its presumed weight and by visual inspection. For 
the sake of comparison, the same scale is used as in the other investi
gations within the project. The method has been simplified, though.

Degree of deterioration Fraction of cross-section area (%) 
consisting of corrosion products

1. Almost no corrosion 0-10
2. Minor corrosion 10-30
3. Considerable corrosion 30-60
4. Major corrosion 60-90
5 Almost no metal core 90-100
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Date of excavation, archaeological context and type of burial have been 
obtained from registers and archives, and the data compiled in the form 
of an EXCEL file. The survey has been carried out at the Museum of 
National Antiquities in Stockholm, the City Museum of Göteborg, and 
the County Museum of Bohuslän.

The first objects to be investigated were 182 bronzes from Hjalmar 
Stolpe’s 1871-1879 excavations of Birka. This collection is remarkably 
well preserved despite 115 years of storage under quite variable climatic 
conditions. A striking fact is that no single object that has been excav
ated during the 1990:s is in such a good condition as the best preserved 
finds from Stolpe’s excavations. Corrosion products from some of Stol
pe’s most severely corroded bronzes have been analyzed, and sulphur- 
containing compounds have been shown to occur even in these samples. 
A comparative study of 113 ornamental bronze artefacts from the 1990- 
1995 Birka excavation showed that objects retrieved during the two 
latest seasons were least well preserved, probably due to high moisture 
contents in the lower culture layers.

54 bronzes from earlier excavations of burials in Uppland (Sollen
tuna, at the east coast) have also been inspected for comparison with 48 
objects from the current investigation in the same province. All of these 
objects date from the Iron Age (500 B.C.-1000 A.D.).

199 objects from the districts of Halland, Göteborg and Bohuslän on 
the Swedish west coast have also been included in the study. Out of 
these, 53 date from the Bronze Age (1800-500 B.C.), while 37 are from 
the early medieval town of Kungahälla and have many characteristics 
in common with the Birka material. The remainder are from Iron Age 
cemeteries. All bronzes at the City Museum of Göteborg have been 
inspected. The study now comprises a total of 596 objects.

4.2 Results and discussion
The diagram in Fig. 4-1 shows the average degree of deterioration, clas
sified according to date of excavation (in five-year intervals). Dates 
represented by less than five objects have been excluded. The rather 
scarce data from the west coast provinces of Bohuslän (including 
Göteborg) and Halland have been merged. Generally, though, the 
objects from Halland are somewhat better preserved than those from 
Bohuslän. The results represented by the diagram show a general 
increase in deterioration over time, especially evident in the Birka mater
ial and corroborated by a recent German investigation (Scharff 1993). 
Furthermore, the deterioration is worse in the west coast than in the east 
coast material. Looking at the archaeological contexts, though, it would 
appear that specific local conditions have markedly influenced the 
degree of preservation, so that find sites of equal type must be separately 
intercompared. Thus, there is a feeble tendency for finds from stone-
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Bronser i magasin
596 föremål

1670 1675 I860 1685 1680 1685 1900 1905 1910 1915 1920 1925 1930 1935 1940 1945 1950 1955 1960 1965 1970 1975 1980 1965 1990 1995
Utgrävningsår

Fig. 4-1. Average degree of deterioration of bronze artefacts, classified according to 
date of excavation (in five-year intervals) and geographical location.
Genomsnittlig nedbrytningsgrad för bronsartefakter efter framgrävningsår (i 
femårsintervall) och utgrävningsområden.

settings from the Iron Age to show increasingly poor quality the later 
the date of excavation, but the trend is inconclusive and must be 
substantiated by further research. The same rather vague trend seems 
to pertain to both hoards and single Bronze Age finds, but this observa
tion must also await further confirmation. No corresponding tendency 
can be seen in the test material from the grave type barrows during the 
Iron Age.

A discussion of various aspects of the diagrammed finds is presented 
below, in a comparison between single and hoard finds from the Bronze 
and Iron Ages, and further between finds from Iron Age barrows and 
Iron Age stone settings. Comparisons are also made between bronzes 
found together with inhumation graves and bronzes in cremations. 
From the Bronze Age, the burial customs are contrasted with the hoards 
from the same epoch.

Hoards and single finds. The single finds, with the meaning “finds that 
have been collected without notions of archaeological context”, are 
fairly well preserved. The Iron Age material in this group have an aver
age degree of deterioration of 1.4, and the corresponding Bronze Age 
finds, 1.9. In the Bronze Age material the bronzes also come from 
hoards, probably offerings, in presently overgrown swamps and lakes.

Whereas most of the Iron Age bronze finds have been made during 
the 19th century, starting about 1800, the corresponding Bronze Age
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objects have been excavated from about 1900, or a little earlier, and up 
to 1945. The minor difference in average degree of corrosion observed 
between these two categories may thus be due to the difference in the 
date of collection. Both single finds and deposited Bronze age hoards 
from 1920 and onwards appear to have a larger incidence of less well 
preserved objects than earlier finds, dating from both the Bronze and 
Iron Age. The material is still too limited to be statistically significant, 
however, and must be augmented by Bronze Age finds from the west 
coast, primarily Halland, and by Bronze and Iron Age finds from Upp
land, of which there are none as yet in the surveyed material.

The Bronze and Iron Age bronzes have not been separately 
diagrammed, and they are generally quite well preserved, as seen in the 
left-hand part of the diagram, up to about 1925. The single Iron Age 
finds probably derive from graves destroyed by the plough, and the 
material may be biased because fragmentary or badly preserved objects 
were probably not handed in to the museums. It is therefore important 
that the study of stored objects should be extended, so that more equi
valent objects (e.g. neck rings, axes), of both Bronze and Iron Age 
origin, can be compared and used to build better statistical significance.

Stone settings and barrows. Compared to early finds (single finds, 
hoards), the objects from professionally excavated graves are in a much 
worse state of preservation. This applies to the few investigations at the 
beginning of this century as well as to later cemetery excavations.

A comparative study of Iron Age objects from stone settings and 
barrows in Uppland showed no differences in quality. The average 
degree of deterioration was 2.6 for both types of construction. This is 
a surprising result, because a barrow has a much thicker protective layer 
of soil than a stone setting, which is only covered with a thin blanket of 
turf. In chapter 2.1, constructions thinly covered with turf were 
mentioned as possibly being especially vulnerable to various detri
mental influences, but the present results falsify this conjecture: west 
coast objects from stone settings are even better preserved (average 
degree of deterioration = 3.2) than those from barrows (4.1). One 
hypothesis that may explain this phenomenon is that only the upper 
part of the soil covering a barrow dries quickly after a rainfall, whereas 
the lower strata remain moist, in time contributing to the decay of the 
contents of the grave. This lower stratum would generally have the same 
humidity as the humus layer immediately above the water table, i.e. the 
most corrosive layer. The soil filling in a stone setting is better permeable 
and dries faster, which implies better preservation of the grave contents.

Burial customs - cremation and inhumation. How do finds from crema
tion and inhumation graves compare? Those from cremations are gener
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ally in a worse condition. This trend was most pronounced in barrows, 
both on the west coast and in Uppland, but a similar, slight tendency 
was found also among stone settings in Uppland. Stone settings 
containing skeleton graves are almost absent from the west coast mater
ial, obviating a comparison. The average degree of deterioration found 
for west coast barrows containing cremations was 4.15, compared to
3.9 for skeleton graves; the corresponding Uppland figures are 2.8 and 
2.3, respectively. As seen, the tendency is weak and statistically not well 
established, but the observation may indicate that burial customs have 
influenced the degree of preservation at least as much as or even more 
than the type of construction. The destructive influence of soot on metal 
objects is well known by corrosion experts (cf. chapter 2.2), while 
archaeologists have generally assumed soot layers to be protective 
rather than corrosive.

In summary, the definitely worst preserved finds were from barrows 
containing cremations on the west coast (Bohuslän). The hypothesis 
offered above - that finds are badly preserved in barrows, on account 
of the high humidity of the lower soil cover - can thus be further 
extended by the observation that the presence of soot contributes to the 
deterioration. The combined influence of soot and water or humid 
conditions is consequently a decisive factor in the deterioration process 
in the barrows. Once again, though, the low statistical significance 
should be pointed out: the groups compared comprise rather few 
objects. The somewhat surprising correlation between degree of preser
vation, on the one hand, and both burial customs and type of grave 
construction, on the other, must be re-examined in the continuation of 
the study.

The west coast and the Mälaren region. The most important difference 
between Iron Age grave finds from the west coast and Uppland 
(Mälaren region) is that the degree of deterioration is uniformly much 
less in the Uppland material, irrespective of burial customs, construc
tion type and date of excavation. The average degree of deterioration is
2.9 for the Uppland, and 3.7 for the west coast graves. Whether there 
is a corresponding difference in the Bronze Age material cannot yet be 
established, because the only Bronze age bronzes in the surveyed mater
ial are from the west coast. There is a lacuna also in the series of early 
Iron Age finds, from the 19th century and up to 1930. Supplementary 
material for this period, as well as for the 1975-1995 period, must 
therefore be added to the survey. Despite the somewhat deficient 
Uppland material, the remarkable difference in degree of deterioration 
seems well established. In both regions, objects have been excavated 
from clay and moraine and soils rich in sand. Because burial customs 
and grave constructions are also comparable, the difference must be due 
to variations in environment. Analyses of corrosion products and soil
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samples from the west coast are needed in order to link this difference 
to possible environmental causes.

Bronze Age find. When it comes to the Bronze Age, the differences in 
degree of deterioration between west coast grave finds (from cairns and 
stone settings, without a turf) excavated in the 1950-1974 period and 
earlier finds from 1863-1945 in the same region are so great that an 
environmental change with time must be taken into account, even 
though the archaeological contexts differ. The average degree of deterio
ration was 1.9 for the single Bronze Age finds and around 4 for the grave 
finds from the same period.

4.3 Proposals for further studies
There are weakly pronounced tendencies for the degree of corrosion to 
increase with time within different context groups. Furthermore, a 
general difference in degree of deterioration between the west cost and 
Uppland could be established for the entire surveyed material. We there
fore propose that the investigation of stored finds should be extended 
and further developed. More unambiguous results are needed in order 
to establish the connection between environmental factors and corro
sion. The following points constitute a concrete proposal for continued 
studies of museum collections of archaeological objects.

□ A survey of Iron Age bronzes in order to fill the time gaps in the 
Uppland material, and also among the Halland finds, to complement 
the general picture. The important point here is that the data should 
be extensive enough to allow comparison of different types of object 
and construction over time, on the east and west coasts, jointly and 
separately. Other coastal regions than those already surveyed may 
therefore be included, and also regions with calcareous bedrock (e.g. 
Gotland and Skåne) which is likely to help preserve the remains.

□ A complementary survey of Bronze Age bronzes from various find 
contexts (hoards, cairns, barrows and stone settings) in Uppland, and 
Halland/Bohuslän, for a comparative chronological study of the two 
regions, and also for comparisons of equivalent objects (neck rings, 
axes, razors). Material from Gotland and Skåne may have to be 
included at need. An advantage of the Bronze Age material is that the 
find circumstances are most often known and are varied in a manner 
that should influence the state of preservation, e.g. from barrows with 
thick soil covers to soil-free cairns and stone settings on hilltops. Such 
a study would be well suited to verify or falsify the present prelimin
ary survey results.
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□ A case study of the Birka material, comprising the Black Earth 
excavations of the 1970:s and a survey of Stolpe’s late 19th century 
excavation of graves. Equivalent bronze objects, e.g. various types of 
clasps, should be studied. A primary aim of the case study is to 
compare the excavations with professionally made investigations of 
graves in other parts of Sweden, performed during the same period, 
i.e. 19th and early 20th century. Another aim is a comparison 
between the graves and the culture layers in the Black Earth, which 
may shed light on the connection between grave and culture layer 
remains.

□ An extension of the survey to iron objects. One category of finds, e.g. 
rivets, should be singled out for study. They are often present in great 
numbers, and at the same time they are mostly found in a very limited 
context, viz. in late Iron Age cremation and inhumation graves, which 
should facilitate a chronological study. Even though iron remains are 
scarce on the west coast, such a chronological study should have good 
chances of success, if a sufficiently large material is surveyed. For 
practical reasons, the study of stored bronze objects should be 
finished before the iron study is begun.
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5 Conclusions and future

Einar Mattsson and Anders G. Nord

In the statistical multivariate analysis of artefacts excavated 1993-1994 
several regression coefficients indicated that moist conditions in the soil 
during exposure have influenced the deterioration significantly. Thus, 
the deterioration appears to have been promoted by great depth below 
the ground surface (but still above the water table), by low height above 
sea level, by small pore size in the surrounding soil, and by location in 
a barrow. The effect of the latter parameter was confirmed by examina
tion of previously excavated objects in museum collections. From corro
sion science it is known that the corrosivity of soil is greatest where the 
soil pores are partly filled with water so that the metal is exposed to 
electrolyte (soil water) and at the same time to oxygen (air).

The statistical analysis of the excavation 1993-1994 also revealed 
detrimental effects on the bronzes caused by soot in the surroundings, 
probably due to galvanic corrosion. Thus, deterioration has been 
promoted by location in a cremation layer, in the proximity of burned 
bone (which is usually located in a cremation layer) and in soil 
containing soot. A similar effect of soot was noted in the examination 
of museum collections.

Further, statistical analysis of the finds recently excavated at Birka 
showed that objects located at paths between houses, where wastes of 
various kinds may have been deposited, were more attacked than those 
located in the soil inside or near the houses. Against this background, 
samples of soil from an excavation should routinely be analyzed, as one 
of several important means, to explain the degree of deterioration, the 
representativeness and the spreading of the artefacts at a settlement site.

Of some interest is also that chloride in the soil was found to promote 
bronze deterioration at Birka, where the pH value of the soil is about 
8, but on the contrary to counteract deterioration at Fresta-Valsta- 
Sollentuna, where the pH value is about 4-5. These results may seem 
contradictory, but can still agree with thermodynamics, assuming that 
solid chloride-containing corrosion products give some corrosion 
protection, and are stable at pH 4-5 but unstable at pH 8. In spite of 
these results, extensive localized attack (pitting) was observed on the 
artefacts excavated at Fresta. The localized attack has probably been
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caused by an occasionally high chloride content in the soil originating 
from road salting, because a road crosses the cemetery. It is important 
to take road salting into account, as road construction is one of the most 
common causes of the exploitation of ancient remains. Partial excava
tions are not unusual, where some parts of the remains are located close 
to the new road.

Another surprising result was the correlation between phosphate in 
the soil and a high degree of bronze deterioration as well as the presence 
of copper phosphates among the corrosion products, for phosphate is 
generally considered to protect metals against corrosion. One inter
pretation may be that corrosion has been caused by another corrodant, 
occurring together with phosphate. One possibility is that phosphate 
has promoted corrosion by increasing the moisture content of the soil.

Whether acidification of the soil during recent decades has affected 
the deterioration of archaeological bronzes is of particular interest. 
Acidification leads to decreasing base saturation, increasing exchange
able acidity and eventually to decreasing pH value of the soil. From the 
statistical analysis of the artefacts excavated at Fresta-Valsta-Sollentuna 
and Birka, soil acidification appears to increase corrosion. As the 
excavation sites examined so far are all located in the Mälaren region, 
an extension of the study to include excavations at the west coast of 
Sweden, and on Gotland or in Skåne with different acidification charac
teristics might shed further light on this matter.

The study of museum collections in comparison with the finds exca
vated 1993-1994 indicated that the degree of deterioration has 
increased during the present century. This observation may partly 
depend on a changed policy in the retrieval and conservation of the 
bronzes. Still, the fact remains that the best preserved finds at Birka had 
a higher degree of deterioration in the 1990:s than in the 1870:s, 
possibly due to acidification of soil during recent decades. The study of 
museum collections also indicated that the finds from the Mälaren 
region have a lower degree of deterioration than those from the west 
coast of Sweden (cf. Fig. 4-1), where the acidification of the soil has been 
more extensive. - Future museum studies will include a more complete 
comparison between artefacts of the same size and type, as well as 
comparisons of artefacts from similar find contexts.

The project included preliminary studies of archaeological bone in 
soil. The degree of deterioration was determined by visual inspection, 
and by analysis of the Ca/P ratio and organic matter. Promising results 
were obtained, but the number of specimens examined is too small for 
statistical evaluation.

The investigation started in this project will continue in another 
project called “Finds and Environment”. The future work will include 
an extension of the bronze studies both in new excavations and in 
museum collections. Such extension will broaden the data base and
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allow safer conclusions in the statistical evaluation. In the future studies 
special attention will be paid to possible relations between the degree of 
bronze deterioration and the sensitivity to acidification of the ground, as 
estimated on the maps of the Halland and Stockholm counties prepared 
within this project. - Extension of the bone study will also be consid
ered. - Further, archaeological iron and glass will be taken into 
account. - In addition, the preliminary studies of the decay in urban 
culture layers carried out in cooperation with the City Archaeologist at 
Kulturen Museum in Lund will be continued. - The procedure in future 
work, of course, will be modified and simplified on the basis of experi
ence gained so far.

The present investigation has currently been presented at interna
tional conferences (see Mattsson 1993, Fjaestad et al. 1995, Tronner, 
Nord & Borg 1996). It has then attracted considerable interest with 
respect to both aim and method. Contact has been established with the 
following foreign projects for exchange of information:

□ Soil archive classification at European excavation sites in terms of 
impacts of conserv ability of cultural heritage, a cooperative European 
Community (EU) project with participation from the Netherlands, 
Germany, England and Greece. In January 1996 we were invited to 
present our research results for this group during a meeting at 
Amersfoort, Holland.

D Intensified decay of metal soil finds due to soil pollution: Scientific 
evaluations and consequences for their preservation, a project at 
Landesdenkmalamt Baden-Württemberg in Schwäbisch Gmünd, 
Germany.

83



References

Albano, Ch. 1995. Umetri AB, Umeå, Sweden. Private communication.

Arrhenius, B. 1973. Laborativa analyser utförda på fyndmaterial från 
Björkö 1969-1971.1 Birka - Svarta jordens hamnområde, Rapport Cl. 
Riksantikvarieämbetet, Stockholm, 34-39.

Arrhenius, B., Nordahl, E., Slytå, K. 8c Sundlin, H. 1981. Spårämnes- 
analyser av organiskt material från arkeologiska undersökningar. 
Rapport nr 1. Stockholms Universitets Arkeologiska Forskningslabora
torium, Stockholm.

Arrhenius, O. 1930. Lantbrukets fosforsyrefråga. Svenska Sockerfa- 
briksaktiebolaget, Stockholm.

Arrhenius, O. 1967. Ore, iron, artefacts and corrosion. Årsbok 61 nr 
11, Serie C, nr 626. Sveriges Geologiska Undersökning, Stockholm.

Balsberg-Påhlsson, A. M. 1990. Handledning i kemiska metoder vid 
växtekologiska arbeten. Meddelande nr 62. Växtekologiska avdel
ningen, Lund University, Sweden..

Bertilsson, U. 8c Löfvendahl, R. 1992. Rock carvings. In: Air pollution 
and the Swedish heritage. Progress 1988-1991. Konserveringstekniska 
Studier, vol. RIK-6. Riksantikvarieämbetet, Stockholm.

Booth, G. H., Cooper, A. W., Cooper, P. M. 8c Wakerley, D. S. 1967. 
Criteria of soil agressiveness towards buried metals. Brit. Corrosion J. 
2, 104-118.

Borg, G. Ch. 1993. Hotet mot arkeologiska kulturlager ur naturveten
skaplig synpunkt. META, Lund, 93:3, 44-57.

Borg, G. Ch., Jonsson, L., Lagerlöf, A., Mattsson, E., Ullén, I. 8c 
Werner, G. 1995, (med bidrag av A. G. Nord och Kate Tronner).

84



Nedbrytning av arkeologiskt material i jord. Målsättning och 
bakgrund. Konserveringstekniska Studier, vol. RIK-9. Riksantikvarie
ämbetet, Stockholm.

Camitz, G. & Vinka, T.-G. 1992. Corrosion of copper in Swedish soils. 
Proc. 12th Scand. Corr. Congr. & Eurocorr ’92, 729-738.

Chadwick, M. J. & Kuylenstierna, J. C. 1.1990. The relative sensistivity 
of ecosystems in Europe to acidic depositions. A preliminary assessment 
of the sensitivity of aquatic and terrestial ecosystems. Environmental 
Institute at York, University of York, United Kingdom.

Edenmo. R. 1996. Karlslund - gravfält från äldre järnåldern. Rapport 
UV-Stockholm, Riksantikvarieämbetet, Stockholm.

Engqvist, P. & Fogdestam, B. 1984. Beskrivning och bilagor till hydro- 
geologiska kartan över Stockholms län. Serie An nr 6. Sveriges Geolo
giska Undersökning, Uppsala, Sweden.

Fernholm, R. & Steen, S. 1982. Ett flatmarksgravfält från bronsåldern. 
Vreta Kloster sn, Östergötland. Rapport UV 1982:4, Riksantikvarieäm
betet, Stockholm, 102 p.

Fjaestad, M., Nord, A. G. & Tronner, K. 1995. The decay of archaeolo
gical copper-alloy artefacts in soil. Proc. IGOM Conference, Semur en 
Auxois, France.

Geilmann, W. 1956. Verwitterung von Bronzen in Sandboden - Ein 
Beitrag zur Korrosionsforschung. Angew. Chemie 68, 201-211.

Gettens, R. J. 1951. The corrosion products of an ancient Chinese 
bronze. J. Chem. Educ., 67-71.

Grennfelt, P. & Thörnelöf, E. 1992. Critical loads of nitrogen. A work
shop report. Nord. 1992:41, Aarhus, Denmark.

Hallbäcken, L. 1992. The nature and importance of long-term soil 
acidification in Swedish forest ecosystems. Dissertation. Department of 
Ecology and Environmental Research, Swedish University of Agricultu
ral Sciences, Uppsala, Sweden.

Hasselrot, B. & Grennfelt, P. 1986. Deposition of air pollutants in 
forests - A study of canopy throughfall at eight forest edges in south 
Sweden. IVL L86/248, 67 p.

85



Hettelingh, J.-P., van Egmond, K. & Maas, R. 1992. European environ
mental data and scenarios: Perspectives towards sustainability. Produ
ced by the National Institute of Public Health and Environmental 
Protection for the Commission of the European Communitites. Biltho- 
ven, The Netherlands.

Hettelingh, J.-P., Downing, R. J. & de Smet, P. A. M. 1993. Maps of 
critical loads, critical sulphur deposition and exceedances. In: Downing, 
R. J., Hetteling, J.-P. & de Smet, P. A. M. (eds): Calculation and 
mapping of critical loads in Europe. Status report 1993. Coordination 
Center for Effects. National Institute of Public Health and Environmen
tal Protection, Bilthoven, The Netherlands.

Jackson, M. L. 1965. Soil chemical analysis. Advanced course. Depart
ment of Soil Science, University of Wisconsin, USA.

Karlqvist, L., De Geer, J., Fogdestam, B. & Engqvist, P. 1985. Beskriv
ning och bilagor till geohydrologiska kartan över Hallands län. Serie Ah 
nr 8. Sveriges Geologiska Undersökning, Uppsala, Sweden.

Klas, H. & Steinrath, H. 1974. Die Korrosion der Eisens und ihre 
Verhütung. Düsseldorf, Germany.

Larsson, S. 1995. Nedbrytningen av urbana kulturlager. En förstudie. 
Arkeologiska rapporter från Lund nr 10. Kulturen, Lund, Sweden.

Lewin, S. 1970. A new approach to establishing the authenticy of pati
nas on copperbase artifacts. Application of science in examination of 
works of art. Proc. Seminar June 1970. Research Laboratory. Museum 
of Fine Arts, Boston, Massachusetts, USA.

Lindborg, U. 1990. Air pollution and cultural heritage. Action plan 90. 
Konserveringstekniska Studier, vol. RIK 1, Riksantikvarieämbetet, 
Stockholm.

Lindskog, G. 1972. Geoteknik. Läromedelsförlagen, Stockholm, 
Sweden.

Mattsson, E. 1961. Stress corrosion of brass considered against the 
background of potential-pH diagrams. Electrochimica Acta 3:4, 
279-291.

Mattsson, E. 1979. Corrosion of copper and brass - practical expe
rience in relation to basic data. Cavallaro Medal Lecture 1979. Bull, nr 
87. Korrosionsinstitutet, Stockholm, Sweden.

86



Mattsson, E. 1989. Basic corrosion technology for scientists and 
engineers. Ellis Horwood Ltd., Chichester, Great Britain.

Mattsson, E. 1992. Bronssjuka hos arkeologiska artefakter - orsaker, 
förlopp och motåtgärder. Konserveringstekniska Studier, vol. RIK-5, 
Riksantikvarieämbetet, Stockholm.

Mattsson, E. 1993. Decay of archaeological material in soil. Proc. 8th 
International Restorer Seminar, Sårospatak, Hungary, 223-238.

Miller, L. 1993. Test och utvärdering av det föreslagna hotbildsproto- 
kollet som ingår i projektet Nedbrytning av arkeologiskt material i jord. 
D-uppsats, Institutionen för Naturgeografi, Stockholms Universitet. 
(Serien Miljöskydd och Hälsoskydd).

Nord, A. G., Tronner, K., Holényi, K., Österling, I., Fjaestad, M. & 
Svärdh, A. 1994. Nedbrytning av arkeologiskt material i jord. Delrap
port RIKa:II (RIK-A-l602:3074, 3079). Enheterna för Analys och 
Metall, Riksantikvarieämbetet, Stockholm, 141 p.

Robbiola, et al. 1988. Étude de la corrosion de bronzes archéologiques 
du Fort Harrouard: alteration externe et méchanisme d’alteration strati- 
fée. Studies in Conservation 33, 205-215.

Romanoff, M. 1957. Underground corrosion. NBS Circ. 579. US Gov. 
Print. Office, Washington, USA.

Rundqvist, E. 1995. The occurrence of calcite in the Black Earth of 
Birka. Birka Studies, voi. 2, Stockholm, Sweden.

Scharff, W. 1992. Umweltschäden an Bodenfunden. Zwischenbericht 
für das erste Projektjahr. Landesdenkmalamt Baden-Württemberg, 
Schwäbisch Gmünd, Germany.

Scharff, W. 1993. Gefährdung archäologischer Funde durch immis- 
sions-bedingte Boden-versauerung. Landesdenkmalamt Baden-Würt
temberg, Schwäbisch Gmünd, Germany.

Scheffer, F. & Schachtschabei, P. 1984. Lehrbuch der Bodenkunde. 
Verdinand Enke Verlag, Stuttgart, Germany.

Sederholm, B., Svensson, T. & Vinka T.-G. 1992. Korrosion på metaller 
i jordar med olika surhetsgrad och vattenhalt. Rapport R7:1992. Bygg- 
forskningsrådet, Stockholm, Sweden.

87



Shreir, L.L. (Ed.) 1976. Corrosion. Newnes-Butterworths, London. P. 
4:43-44.

Steinrath, H. 1967. Méthodes d’essais pour revaluation de l’agressivité 
du sol. La Tribune de CEBEDEAU nr 278-280. Liege, Belgium.

Sverdrup, H. Warfvinge, R, Frogner, T., Håoya, A., Johansson, M. & 
Andersen, B. 1992. Critical loads for forest soils in the Nordic countries. 
AMBIO 21:5, 348-355.

Tronner, K., Nord, A. G. & Borg, G. Ch. 1995. Corrosion of archaeolo
gical bronze artefacts in acidic soil. Water, Air and Soil Pollution vol. 
85, 2725-2730. Paper presented at the Acid Reign 1995 International 
Environmental Conference, Göteborg, Sweden.

Tylecote, R. F. 1979. The effect of soil conditions on the long-term 
corrosion of buried tin-bronzes and copper. J. Archaeological Science 
6,345-368.

Ulrich, B. 1989. Effects of acid deposition on forest ecosystems in 
Europe. In: Advances in environmental science. Vol. 4. Springer Verlag.

Werner, G. & Backlund, A. 1990. Förstudie över arkeologiska brons
föremåls korrosion i jord. Rapport Metallenheten, RIK, Riksantikvarie
ämbetet, Stockholm.

Westling, O., Hallgren, E., Sjöblad, K. & Lövblad, G. 1992. Deposition 
och effekter av luftföroreningar i södra och mellersta Sverige. Rapport 
B-1079, IVL, Aneboda, Sweden.

Wranglén, G. 1967. Metallers korrosion och ytskydd. Almqvist & 
Wiksell, Stockholm.

88



Appendix 
List of variables

Group Code

Alphanumeric LnrRIK 
characterization Län 

Lsk 
Soc 
X
Y 
Z
Flnr
Anlnr
Fnr
JpNnr
Jpnr(s)
Hpnr

Dat
Dec
Mat
Typ
B
F
V 
S

Archaeological parameters 
Bpl 
Stadsl 
Gård 
Gång 
Klgrö 
Klgrm 
Kigru 
Grf 
Stens 
Hög 
Gufm 
Sk 
Brg 
Beng 
Benl 
Brl 
Brlk

Explanation

Internal number 
County 
District 
Parish
x-coordinate of the artefact
y-coordinate
z-coordinate
No. of the ancient remain
No. of the construction
No. of the artefact
No. of soil sample near the object
No. of other soil samples
Record number for set of “comprehensive
parameters” of the site
Archaeological dating of artefact
Decade of the excavation
Type of material (bronze, bone etc)
Type of object 
Object from Birka 
Object from Fresta 
Object from Valsta 
Object from Sollentuna

Settlement 
Culture layer 
Area in or outside house 
Passage between houses 
Culture layer, upper part 
Culture layer, middle part 
Culture layer, lower part 
Grave field (cemetery)
Stone setting 
Barrow
Grave below flat ground surface
Inhumation grave
Cremation pit with bones and soot
Cremation pit with bones
Cremation with a layer of bones
Cremation with a layer of bones and soot
Thick cremation layer
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Brim
Brit
Sot
Höh
Djupm
Gis
Gus
Gujs

Medium-thick cremation layer
Thin cremation layer
Soil with soot
Height above sea level (m)
Depth below ground surface (m)
Find between stones in a grave
Find below stone layers in a grave
Find below covering soil and stone layers

Gig
in a grave
Find in the area of cremation or inhuma
tion

Gi
IntFe
IntAg
IntObe
IntBbe
Int
Psten

Find in other contexts
Iron object near the find
Silver object near the find
Unburned bones near the find
Cremated bones near the find
Other object(s) near the find
Find placed "on a stone (rock)

Bronze deterioration
Vikt
Kdjup
Nbrg
Nbr%

Weight of the artefact
Corrosion depth (mm)
Degree of deterioration (code 1-5)
Part of cross section (%) consisting of 
corrosion products

Mkär Metal core present (0=no, l=yes)

Metal composition
KCu
KZn
KFe
KSn
KPb

Metal (wt%) in the metal core
Copper
Zinc
Iron
Tin
Lead

Corrosion products
Kpmal
KpCl
KpS
KpP
KpZn
KpPb
KpSn

Cu observed, probably malachite
Cu and Cl found
Cu and S found
Cu and P found
Zn observed
Pb observed
Tin observed
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Soil near the artefact 
Chemical data

Nfukt
Ngl
Nres
NpHv
NpHKCl
Nutbac
NutbH
Nbasm
Nklorid
NS
Nfosfat

Soil codes (0=no, 
l=yes)

NMor
NFm
NGm
NGK
NOrg
NAntr

ICP-analysis results 
after extraction with 
ammonium acetate (A) 
Concentrations in ppm 
for dried soil

NCaA
NA1A
NKA
NMnA
NMgA
NFeA
NNaA
NCuA
NZnA

ICP-analysis results 
after extraction with 
the acid solution (S) 
Concentrations in ppm 
for dried soil

NCaS
NAIS

Flumidity (wt%)
Weight loss (%) on ignition 
Resistivity (ohm.m) 
pFI in water 
pH in 1 M KCl(aq)
Exchangeable acidity (mekv/kg)
Part of hydrogen (H)
Base saturation (%)
Cl from titration (ppm)
S (ppm) by XRF or SEM/EDS
PO4 (ppm) by the citric acid extraction
method

Moraine type
Fine sandy soil or smaller grains 
Sandy soil or sand 
Gravel or rubble 
Organic material 
Anthropogenic soil

Calcium
Aluminium
Potassium
Manganese
Magnesium
Iron
Sodium
Copper
Zinc

Calcium
Aluminium
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NKS Potassium
NMnS Manganese
NMgS Magnesium
NFeS Iron
NNaS Sodium
NCuS Copper
NZnS Zinc
NSicpS Sulphur
NPicpS Phosphorus

Analysis of the 
reference soil sample 
some distance from the 
construction: same as for 
soil sample near (N) 
the object but without 
the N. Examples:

Fukt Humidity (%)
Mor Soil code for moraine
CaA Calcium (ppm) determined by ICP after 

extraction with 1 M ammonium acetate
CaS Calcium (ppm) determined by ICP after 

extraction with HCI-HNO3 acid 
solution

Comprehensive parameters 
(Hotbildsprotokoll)

Nber Calculated deposition of nitrogen in 
forests (kg/ha.a)

Nkrit Calculated critical load of nitrogen 
(kg/ha.a)

Nkvot Nber/Nkrit
Sber Calculated deposition of sulphur
Skrit Calculated critical load of sulphur
Skvot Sber/Skrit
Mväg Site situated close to a motorway
Stväg Site close to a larger road
Lväg Site close to a small road
Stgat Site close to a street with heavy traffic 

(0=no, l=yes)
Svgat Site close to a street with limited traffic
Avväg Distance (m) to nearest road or street
AviFpl Distance (km) to nearest international 

airport
AvrFpl Distance (km) to nearest local airport
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Avindl Distance (km) to nearest air polluting

Avindv
industry
Distance (km) to nearest water-polluting

Ortinv
industry
No. of inhabitants in the nearest

Ortav
Jdjup

population centre
Distance (km) to the above centre 
Thickness of soil (cm) above the solid 
rock

Kalk
Podsol
Smo
SMorän
Antrop
Barr
Tbete
Bete
Löv
Åker
Tåker
Bebi
Bebs
Avbryn
BrynV
BrynN
BrynÖ
BrynS
Tveg

Calcareous soil (0=no, l=yes)
Podsolic soil
Sand or sandy soil
Sandy moraine
Anthropogenic soil
Pine forest
Pasture earlier used for cattle
Pasture in use for cattle
Deciduous forest
Arable land
Former arable field
Neighbouring rural settlements
Site close to town or city
Distance (m) to nearest forest
Edge of forest to the west
Edge to the north
Edge to the east
Edge to the south
Dry ground as judged from the

Nveg
vegetation
Normal humidity in the ground as

Fveg
judged from the vegetation
Moist ground as judged from the

Avgry
vegetation
Distance (m) to water table

The site is situated
Höjd
Slutt
Plan
Dal
Avkust

On a hill (0=no, 1= yes)
On a hillside
On flat ground
In a valley
Distance (km) to the coast
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