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PREFACE 

In 1988 a group of Finnish geochemists and geologists calling themselves "Geochemis- 
try Circle" presented a proposal for a symposium on environmental geochemistry to the 
Geochemistry Department of the Geological Survey of Finland (GSF). The Department 
agreed to act as the host organization of the symposium and an organizing committee com- 
prising the following researchers of the Geochemistry Department was set up: Eelis Pulk- 
kinen (chairman), Päivi Alho (secretary), Esko Kontas, Matti Kontio, Pasi Lehmuspelto 
and Marja Liisa Räisänen. 

In addition to the GSF the symposium and associated excursion in eastern Lapland received 
support from the Academy of Finland, the Arctic Center, the Geological Society of Fin- 
land, Finnair, the Forestry Research Institute Rovaniemi Research Station, Lapin Kansa, 
the Nordic Council of Ministers, Outokumpu Oy Tornio Steel, Pohjolan Osuuspankki, 
the city of Rovaniemi, Rovaniemen Säästöpankki and Vuorimiesyhdistys ry. 

The first "Symposium on Environmental Geochemistry in Northern Europe" was held 
in Rovaniemi, Finland, on 17-19 October, 1989. In all, 200 persons from Finland, Nor- 
way, Sweden, Czechoslovakia and the USSR participated in the symposium. The Scientific 
program was included 27 oral presentations and 50 posters. 

At the opening session on Tuesday morning, Professor Kalevi Kauranne, the head of 
the Geological Survey of Finland, set the tone of the symposium by proposing interna- 
tional CO-operation as a step toward repairing the unstable balance of nature. Dr. Antti 
Haapanen, representing the Ministry of the Environment, emphasized interdisciplinary 
research in environmental studies and Dr. Esa Tommila of the Confederation of Finnish 
Industries introduced new programs on environmental control. 

Thirty-nine (about half) of the lectures and posters presented at the symposium are com- 
piled in this volume. The topics of the symposium covered the role of geochemistry in en- 
vironmental research, the tolerance of overburden in relation to acid rain, the effects of 
acidification on element mobility, the distribution and effects of nutrients and toxic ele- 
ments in the overburden, acidification and pollution of the overburden and water, natural 
and human effects on vegetation and element contents of plants, research methods of en- 
vironmental geochemistry and the response of the underlying soil in the organic matter 
and geomedicine. 

Two workshops were held during the symposium: one on 16 October exploring the pos- 
sibilities for CO-operation between the Kola Science Centre and the GSF and the other on 
18 October seeking CO-operation between the Kola Science Centre and the Rovaniemi Re- 
search Station of the Forest Research Institute. Both of the workshops were interested in 
finding reasonable methods to investigate the consequences of the enormous sulfur and 
heavy metal emissions from the smelting plants of the Kola Peninsula. 

An excursion was made in eastern Lapland after the conclusion of the symposium on 
19-21 October. Fifty persons participated in the excursion, which passed by sites with 
fertile soil and successful forestry in the Vuotos area and sites with poor soil and forest 
damage in the Naruska area. The organizing committee conducted the excursion and de- 
livered lectures on recent geochemical investigations in eastern Lapland. Dr. Kari Pelko- 
nen of the National Board of Forestry lectured on modern logging and reforestation methods. 
Dr. John Derome, Dr. Aulis Ritari and Dr. Eero Tikkanen, researchers with the Forest 
Research Institute, talked about soil water measurements, about testing the stress of the 
harsh climate on trees and about problems of forest regeneration. Jussi Pyyny of Kemijoki 
Oy introduced alternatives to the hydro-electric power production in the Vuotos area and 



Ulpu Väisänen lectured on the geological development of the scenic valley of the Kemijoki 
river . 

A short excursion was made to Kolpene, the ground-water intake for the city of Rovaniemi, 
on 19 October. Pertti Määttänen, the head of Rovaniemi$ water management office and 
geochemist Pasi Lehmuspelto of the GSF described a method of water purification where- 
by iron bacteria precipitate the iron in ground water. 

The symposium was designed to cover studies of all the natural spheres (geochemical 
migration) of the earth (litho-hydro-, bio-and atmosphere). The gratifying number of par- 
ticipants at the symposium and the lively discussion, especially during the excursions, un- 
derlined the importance of interdisciplinary research and meetings in environmental studies. 
The next symposium on environmental geochemistry is scheduled for Uppsala in Sweden 
on 16-19 September, 1991. 

The articles in this volume have been evaluated by referees in an usual way. A couple 
of the articles were not accepted by the referees, but, however, they are published here, 
because they belong as an essential part to the scientific discussion in the symposium. - 
Thus the authors are totally responsible for the scientific content of the published articles. 
Mrs. Kathleen Ahonen has completed the English (Am.) of the manuscripts. 

Rovaniemi, August 14, 1990 
Eelis Pulkkinen 



Opening 

Dear friends 

It is a great pleasure to see so many prominent and young researchers, who are inter- 
ested, perhaps even worried about the chemical status of nature, gathered here at the Polar 
Circle. Here in the far-away north, nature is still pure, the air clean, the water sweet, the 
soil virgin and vegetation healthy. Or are they? 

Not so many years ago we could believe this, but now we know that global pollution 
has found its way here as well. The emissions from the sulfide ore smelting plants shoot 
out blindly like a gunshot of a madman in a Wild West saloon that kills the innocent. The 
fragrant nature of the Polar North is being destroyed. And not only industry, but tourism, 
traffic, agriculture and all human activities are responsible. 

It is high time for countermeasures, it is high time for a counterattack. But how? How 
can we stop the pollution, how can we heal the wounds? Before we can plan the necessary 
countermeasures we have to know what has happened where, and how, and what has been 
destroyed. We have to discover the source and identify the reasons for the chemical changes 
in naturei many parts. 

Life is geochemistry. Animals, plants and cells are composed of chemical elements and 
are fed by other chemical elements, all of them coming ultimately from the bedrock via 
soil and transported by water and wind. When nature is healthy there is a balanced circula- 
tion of elements and the mineral, plant and animal kingdoms flourish. Now the balance 
is wavering. 

It seems that one species within the kingdom of animals wants to rule over all. Mankind 
has adopted a course of uncontrolled growth. Man is fiiling the world, terrorizing his environ- 
ment, taking what he lusts after. Ruthless robbery. Even a gentle benefication of Earth 
and its treasures both leaves a mark, of course, but the results will be of totally different 
order viewed from the perspective of the coming generations. 

From the Earth we came and to the Earth we will return. It is impossible to live without 
contacting the Earth, without using it, without somewhat changing it. But let us try to live 
so that the changes will, if possible, improve the environment and, if possible, do little 
harm. Too many "possibles" in one and the same sentence, but that reflects our present 
situation - our fears and uncertain conjectures. 

We had to learn more and conjecture less. There are only 24 hours in a day. But by 
sharing our results and experiences with others, we can multiply our time and multiply 
learning. At a conference like this, where people with many different backgrounds are 
brought together, there are so many opportunities to instruct and learn. Some know more, 
some less, and nobody knows everything. If we humbly and openly te11 our colleagues what 
we have found and what not, if we ask for their opinion and advice, we will reap a maxi- 
mum harvest. 

We have 27 lectures and 50 poster presentations ahead of us. There are researchers from 
East and West. During the sessions and at the posters, but especially on the excursions, 
please ask, comment and discuss. We Finns tend to be shy to opening our mouths. Dear 
guests, help us by asking and you will get an answer, if not words, then a smile. Don? 
be afraid. You will find, that despite their serious expression, the natives are friendly here. 

You are warmly welcome. 1 now have the honor to declare the symposium Open. 

L K Kauranne 
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GEOCHEMICAL MAPPING AS A METHOD FOR INDICATING 
HAZARDOUS ENVIRONMENTAL SITUATIONS 

by 
E.S. Burenkov, R.S. Smirnova, E.P. Sorokina and N.F. Chelishchev 

E.S. Burenkov, R.S. Smirnova, E.P. Sorokina & N.F. Chelishchev, 1991. 
Geochemical mapping as a method for indicating hazardous environmen- 
ta1 situations. Geological Survey of Finland, Special Paper 9. 9-12, one 
figure. 

A method involving the geochemicai mapping of naturai materials such 
as soils and snow cover has been developed for evaluating the environ- 
mental state of urban, agricultural, mining and recreational areas. 

The effectiveness of the method, which allows areas to be zoned accord- 
ing to the level and sources of pollutants, has been demonstrated in sever- 
al parts of the USSR. 

Environmental pollution in urban areas is multi-element in character, 
varying according to the source of the pollution. Anomalies are classified 
into four types on the basis of their structure scale and areas are zoned 
according to the intensity of pollution and the focus of the investigation: 
local, regional or global pollution. 

The mapping provides the basis for the evaluation of environmental qual- 
ity of specified areas and, as necessary, the working out of remedial mea- 
sures. 

Key words: environmental geology, geochemical surveys, pollutions, urban 
environment, USSR 

E.S. Burenkov, R.S. Smirnova, E. P. Sorokina and N.F. Chelishchev. Zn- 
stitute of Mineralogy, Geochemistry and Crystallochemistry of Rare Ele- 
ments, Sadovnitcheskaja emb.. 71, 113127, Mosco w, USSR. 

INTRODUCTION 

Human economic activities exert a substantial 
impact on the environment. Population centers, 
industrial and agricultural activities and mining 
and mineral processing poilute the air, waters, soils 
and vegetation, causing a decline in the quality of 
the environment and deterioration of public 
health. 

An essential prerequisite for optimizing the qual- 
ity of the environment in areas in intensive eco- 
nomic use is prior objective assessment of the pol- 
lution impact. For this purpose, we have been ap- 
plying methods of geochemistry to measure the ac- 
cumulated effect of pollution-of feeding huge 

masses of chemical elements and their compounds, 
in wastes and waste water from industrial, domes- 
tic and agricultural activities, into natural ge- 
ochemical cycles. 

An excessive accumulation of matter of an- 
thropogenic origin in the environment (in soils, 
vegetation, snow cover, bottom sediments) be- 
comes manifested in the formation of anomalies. 
These can be disclosed through geochemical map- 
ping techniques. In particular, the geochemical 
mapping of heavy metal and other trace element 
anomalies seems to be an effective way of revealing 
the general structure of the pollution of an area. 



Geological Survey of Finland, Special Paper 9 
E.S. Burenkov, R.S. Smirnova, E.P. Sorokina and N.F. Chelistchev 

The major steps in geochemical mapping for an- dividual sources and groups of sources and, final- 
thropogenic anomalies are to establish the paths ly, to zone the area under study according to the 
of the dispersion of pollutants, to determine the intensities of the pollution. 
spatial boundaries of the areas affected by in- 

GEOCHEMICAL MAPPING OF URBAN POLLUTION 

Methods of assessing the pollution impact on 
the basis of geochemical mapping are currently 
best developed for urban areas (Methodical Re- 
commendations, 1982). Below, therefore, we de- 
scribe the principles of geochemical mapping using 
the example of a flat territory of a large industrial 
district in the central European part of the USSR 
(Fig. 1). 

The structure of the pollution of urban areas 
largely reflects the impact on the environment of 
industrial waste, in as much as cities tend to be 
built up around industry. All types of industrial 
waste contain a broad Spectrum of trace elements, 
many of them hazardous for living creatures (mer- 
cury, cadmium, lead, chromium, e t~ . ) .  

Anomalies of trace elements discoverable in 
snow cover and soils are good indicators of pol- 
lution of the city atmosphere. In areas where the 
ground is snow covered for a long period of time, 
the snow will contain information about atmo- 
spheric precipitation of pollutants during the cur- 
rent year. Soils provide a register of several years' 

Global level: scale less than 1 : 500 000 

Echogeochemical zonation of whole 
USSR and study of global geochem- 
ical process dynamics for evaluation 
of background levels, establishment 
of ecogeochemical provinces, and 
predicting changes in the global en- 
vironment. 

pollution. Anthropogenic anomalies in snow and 
in the upper horizon of the soi1 are determined 
through comparison with chemical element con- 
tents in unpolluted background snow and soils of 
the same- area. 

Zinc, copper, lead, nickel and mercury are the 
mostly widely distributed trace elements in an- 
thropogenic anomalies. Anomalies of tin, chro- 
mium, tungsten, molybdenum, strontium and sil- 
ver are often found as well. 

The strength of an element anomaly is indicated 
by the coefficient of concentration (Kc), calculated 
as the ratio of the concentration of the element 
at the site under investigation to the mean back- 
ground concentration. When many elements are 
anomalous, as in an anthropogenic anomaly a 
composite indictor of pollution is used, calculated 
by the following formula: 

u 
Z,= S Kc-(n-1) 

v=l  

where n is the number of anomalous elements. 

Regional level: scale 1 : 200 000- 
1:500000 

Ecogeochemical study of large urban, 
mining and agricultural areas for the 
purpose of revealing regional knots 
of pollution and evaluating their 
ecogeochemical status 

1 Evaluation of the ecogeochernical situation 1 

Ecological hazard prognosis r - l  

Finding measures for preventing environmental 
pollution in order to optimize the quality of 
the environment 

Fig. 1. The principal problems of ecogeochemical mapping. 

Local level: scale 1 : 50 000 and larger 

Ecogeochemical study of cities and 
industrial zones with centers of pol- 
lution sources of toxic elements indi- 
cated 
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Complex multi-element haloes of dispersion are may extend, in soils, any where from 3-5 to 
found in snow and soils around isolated factories 100-150 km2. 
polluting the air. The group of chemical elements 
accumulated in the anomaly reflects the elemen- 
ta1 composition of the emission. 

In the case of an isolated source polluting the 
air the structural of a local halo is somewhat as 
follows: at the center there is a high intensity 
anomaly, where concentrations of elements are 
tens and even hundreds of times higher than back- 
ground; then there is a gradual decrease in con- 
centrations towards the periphery of the halo, with 
a simultaneous change in the element composition. 
All the pollutant elements are found at the center 
of the halo, but as one moves away from the cen- 
ter the composition of the anomaly changes and 
concentrations decrease. At the boundary of the 
halo, there may be only one or two elements still 
anomalous. The composition depends on the 
gravitational differentiation of aerosol particles in 
the process of their dispersion in the atmosphere. 

In the modern city where many factories are 
situated close together the structure of the multi- 
element anomaly is more complicated, as the pe- 
ripheral parts of the haloes merge. In the snow cov- 
er and soils, a field of anomalies of heterogene- 
ous structure each with an area of 0.1 to 2 km2 
is formed. Under high intensity of industry, 
anomalies merge to form a center of pollution that 

Cities with many sources of pollution thus im- 
pact not only on the city environment but also on 
the area outside. Around medium-sized cities in 
flat terrain with a high concentration of industry, 
the effect may be noticed in the snow cover as for 
away as at 20-30 km and in the upper horizon 
of soils at 6-7 km from the city. 

The pollution in and around urban areas is thus 
constructed of anomalies of different size, inten- 
sity and composition. According to the scale of 
their manifestation in soils, they may be classified 
as follows: 

- simple haloes (corresponding to the zone of in- 
fluence of one source): area 0.1-2 km2. 

- centers of pollution (corresponding to the zone 
of influence of several sources): area 5-200 
km2. 

- regional knots of pollution (corresponding to 
the zone of influence of several centers of pol- 
lution, ie. a large industrial agglomeration): 
area 100-1.000 km2. 

- regional fields of pollution (characterize ur- 
banized areas as a whole; show the influence 
of all industrial emissions): area in excess of 
tens of thousands of Square km. 

ZONING AND EVALUATION OF HAZARDS 

Analysis of the geochemical structure of urban 
pollution reveals areas with different degrees of 
environmental change-from background to in- 
tensively changed. The changes observed through 
geochemical mapping can be categorized by way 
of dividing an area into zones that differ in de- 
gree of pollution impact on living creatures and 
man. 

The object of the zoning is chosen according to 
the scale of the investigation. At the local level, 
the problem is to expose haloes associated with sin- 
gle or a few sources of pollution and, at the region- 
al level, to indicate regional knots of pollution. 

The scale of the investigation also determines 
the approach to be taken to the results of the 
zoning evaluation. At the regional level, the haz- 
ard of pollution is measured by the examination 
of biota in natural and agricultural environments 
and, at the local level, by examination of public 
health. 

Special method investigations conducted in and 
around large cities have led to the establishment 

of indices of the intensity of anomalies in different 
environmental conditions and indices of public 
health. As a result, the scale of the danger posed 
by different levels of pollution in particular ma- 
trixes, here soils and snow cover, has been worked 
out. For example, the level of danger for humans 
is evaluated according to the composite indicator 
of the pollution of soils, Zc, as follows: Zc less 
than 16 no danger; 16-32 moderate danger; 32- 
128 dangerous; more than 128 extremely dan- 
gerous. 

The existence of such systems of estimation pro- 
vides the researcher with objective criteria for 
revealing and qualitatively evaluating environmen- 
ta1 conditions and for working out specific recom- 
mendations for improving the environment. Geo- 
chemical maps reveal local "hot spots" in need 
of in-detail geochemical and biogeochemical study. 
Moreover, since the zoning has been done on the 
basis of geochemical mapping a network of sta- 
tions for monitoring the environment can be ra- 
tionally established. 
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With know ledge of geochemical and economic- ditions of large areas with elevated pollution loads 
industrial conditions, an ecogeochemical study can are evaluated (city agglomerations, industrial and 
be made of the main territories of the USSR and mining districts, etc.). At the local level, the chief 
of neighboring countries and information obtained interest is the ecogeochemical study of the pollu- 
on global changes in the environment. Ecogeo- tion due to industrial, mining and intensive agricul- 
chemical provinces differing in background tural activities, power generation, the processing 
characteristics and pollutant load can be deline- and storage of toxic waste. 
ated. At the regional level, the ecogeochemical con- 

SUMMARY 

In summary, the geochemical mapping of an- mitting the forecast of ecological hazards and the 
thropogenic anomalies at different scales can form development of measures for improving the en- 
the first step in an ecogeochemical method, per- vironment and restoring ecosystems to health. 
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In Finland, as elsewhere in the world, the branch of scientific research 
known as environmental studies is very much in vogue today. As a con- 
cept, environmental studies are elastic, rather nebulous, and escape pre- 
cise definition. Man, through his own action, has altered his habitat to 
such an extent that now his own life is affected (e.g. forest damage). Hence, 
environmental studies have grown out of an urgent need. Dealing with a 
wide range of problems calling for expertise in many branches of science, 
environmental studies require researchers from different disciplines to speak 
the same language and clarify their own contribution to the whole. Re- 
search must be channelled so that we can rectify damage already done and 
prevent the occurrence of new disturbances. 

Since soi1 is an essential component of most ecosystems, the geosciences 
are at the heart of environmental studies. However, the geosciences alone 
cannot produce significant results, and thus their primary task is to com- 
plement ecological studies. 

Until now geoscientific environmental studies have focused on moni- 
toring and investigating anthropogenic chemical changes in our environ- 
ment (acid rain, soil acidification, heavy metals, deterioration of ground- 
water, geomedicine). 

Geoscientific environmental studies could be substantiaily increased 
within the community planning sector (soil and minerals studies, land use 
planning, studies on refuse tips, landslides, earthquakes). The geosciences 
have a unique potential to provide insight into environmental changes that 
took place in the distant past (microfossil studies, sedimentation studies). 
A minor, but no means trivial, subject in the field of geoscientific environ- 
mental studies is research relating to the protection of natural amenities. 

In present-day society, the target of environmental studies - in the 
geosciences as well as in other sectors - should be to adapt human activi- 
ties to the constraints of Nature, thus to avoid the catastrophes that jeop- 
ardiie our very existence. 

Key words: environmental geology, research, review 

Reijo Salminen, Geological Survey of Finland, Betonimiehenkuja 4, 02150 
Espoo, Finland 

INTRODUCTION 

The importance of environmental sciences is in- some extent, obscure; being a fairly new branch 
creasingly being recognized the world over. As a of science it lacks an exact definition. 
concept, environmental science is elastic and, to Through his own activities, man has caused 
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changes to the environment that are already 
causing problems. Forest decline is one such 
change, and a very real one at that. Whole forests 
are dying in Central Europe and North America, 
and similar damage is to be expected in Scandi- 
navia unless sulphur and other emissions can be 
drastically cut. Thus the research sector known as 
environmental sciences would appear to have been 
born out of necessity. It deals with a wide range 

of problems that cannot be solved without the ex- 
pertise of many different disciplines. Such mul- 
tidisciplinary research can succeed only if the 
researchers in different branches speak the same 
language and are able to delineate their own con- 
tribution to the whole. The role played by the 
geosciences in this effort has gained prominence 
over the years. 

GEOSCIENCES 

Geosciences are generally understood as the dis- 
ciplines that study the globe, each one from its own 
perspective. The following is a brief list of the 
geosciences: 

geoloti!~ geochronology 
geophysics geocosmology 
geochemistry geocryology 
geomorphology geodesy 
geobiology geo-astronomy 
g e o g r a ~ h ~  geometrics 
geo-ecology (ecogeochemistry) 

Not all of these can be applied as such to the 
sector currently termed environmental sciences (the 
right-hand column in the above list). In this con- 
text 1 shall examine only the role of geology, geo- 
physics and geochemistry in environmental studies. 
Taken together, these subjects constitute what we 
know as ecological geochemistry - ecogeochemis- 
try. This concept is alien to Western scientists, but 
in the USSR, it is commonly used to refer to the 

environmental studies undertaken by geological in- 
stitute~ to cover the whole research sector. Eco- 
geochemistry can be defined as the discipline that 
studies the chemical changes taking place in the 
habitat of man as a result of his own actions or 
through natural phenomena. 

The geosciences are in a key position in environ- 
mental research because the soil is an essential part 
of man's habitat, and the nutrients and trace ele- 
ments in it are decisive to the functioning of most 
ecosystems. The nutrients extracted by plants de- 
rive initially from the bedrock, from where they 
are transported by geological processes into the soil 
and converted into forms usable by plants. How- 
ever, many anthropogenic factors cause changes 
in the soil, altering its nutrient equilibrium. 
Nutrients as well as compounds detrimental to 
plants (heavy metals) are bound to the soil in great 
amounts-as a matter of fact, in far higher abun- 
dances than plants can make use of or even toler- 
ate. 

ENVIRONMENTAL STUDIES 

The concept environmental science can be ap- 
proached from different angles. The administra- 
tive constraints are set by the scope and organiza- 
tion of the Ministry of the Environment of Fin- 
land (Fig. 1). The Ministry has departments for 
environmental protection and nature conservation, 
town planning, construction and housing. In other 
words, apart from conventional nature protection, 
it is concerned with issues pertaining to land use, 
building and housing. 

A purely scientific constraint is set by the dis- 
ciplines represented in the research council for the 
environmental sciences of the Academy of Fin- 
land: 

Environmental technology 
microbiology 
sociology 
interior architecture 
zoology 
environmental study of forestry 
science of law 
botany 
genetic toxicology 
biology 
studies of interaction between communities and 
their infrastructure 

It is interesting that the list includes the social 
sciences as well as the natural sciences. 
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Fig. 1. The organization chart of the Ministery of the Environment of Finland 1.3.1988. 
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task of environmental protection is not so much action between man and nature and to develop- 
to protect the environment-nature-as to protect ing technology that will ensure that man and his 
man hirnself. Therefore, environmental research environment are preserved without devastating 
should give priority to studying the mutual inter- changes to either of them. 

GEOSCIENTIFIC ENVIRONMENTAL STUDIES 

Interest in environmental studies grew emr- 
mously among geologists in the 1980s. The first 
sessions devoted to environmental geology were 
arranged in conjunction with congresses held in 
the early 1980s (e.g. the 8th IGES, 1980, Han- 
nover). However, there was a dearth of both 
speakers and listeners. Yet, already by 1987 the 
23 sessions on environmental geochemistry held 
during the V.M. Goldschmidt Conference in Bal- 
timore, USA, attracted the second highest num- 
ber of presentations (23 in all) and probably a 
larger audience than any other subject. No won- 
der, considering that most geoscientific environ- 
mental studies to date have dealt with geochemis- 
try or chemical phenomena and changes in the en- 
vironment . 

The environment research project, which is a 
subproject of Internordic Mittnorden, is seeking 
to establish what information should be shown on 
a map of environmental geology. A draft legend 
to such a map (Fig. 2) has been made, mainly on 
the basis of proposals by the Norwegians. In Fin- 
land, exploration and mining have usually been 
left outside the scope of discussions about environ- 
mental geology; the same holds for hydrogeolo- 
gy, as there has been no shortage of clean water 
in Finland. However, both of these issues are typi- 
cal fields of environmental studies. In heavily in- 
dustrialized areas such as Central Europe the de- 
terioration of household water is a serious environ- 
mental problem. 

The first environmental studies undertaken by 
geologists applied methods developed mainly for 
exploration. The sampling media used by geo- 
chemists (littoral sediments, humus, till, moss, 
water, etc.) were analyzed to trace pollution in na- 
ture (Salminen, 1976). However, the methods have 
been continuously elaborated in recent years to 
meet the needs of environmental studies. As a con- 
sequence, chemical analytics is now able to sepa- 
rate the heavy metals fixed to sampling media with 
chemical bonds of different strength. These 
methods have been successfully applied in studies 
of soil pollution in the environment of industrial 
plants and in charting the environmental impact 
of population centres (Salminen, 1980, Räisänen 
& Pirttisalo, 1988). 

A new breakthrough in the application of geo- 
logical knowledge to environmental studies was the 
investigation of the effect of acid deposition on 
the soil and, further, on the factors controiiing the 
growth of plants. Natural acidification has been 
going on in Arctic, and to some extent also in tem- 
perate, zones since the end of the last glaciation, 
but the natural buffering capacity of the soil has 
been high enough to moderate the changes caused 
by natural acidification and to prevent catastrophic 
changes in flora and groundwater. However, the 
increase in the rate of acid deposition has altered 
the weathering of minerals in the soil: we have now 
reached a situation where weathering minerals are 
liberating heavy metals, sulphur and readily solu- 
ble aluminium compounds toxic to plants into the 
soil. Aluminium concentrations in the soil have 
increased so much that new types of aluminum- 
bearing sheet silicates have started to form (Räisä- 
nen, 1989). 

The results of regional geochemical mapping 
have been harnessed in the search for areas with 
high concentrations of readily soluble aluminium 
liberated by weathering processes in the soil, where 
the detrimental effects of aluminium are most like- 
ly to occur (Räisänen & Gustavsson, 1989). Geo- 
chemical mapping provides us with excellent back- 
ground and comparative data for exploring chem- 
ical changes in the environment. 

In some countries (e.g. Norway, the UK and 
China), the discipline known as geomedicine has 
recently been very active (Thornton, 1986; LAg, 
1984). A classic example of work done in this field 
comes from Finland where it has been noted that 
the frequency of tooth decay is lower in fluorine- 
bearing rapakivi granite areas than in the rest of 
the country. Geomedicine endeavors to establish 
correlations between trace element concentrations 
in soil or groundwater and the frequency of diag- 
nosed diseases. Searching for this kind of corre- 
lation is of course superficial and needs to be com- 
plemented with studies on the metabolism and bio- 
chemistry of plants and animals. 

So far geophysical methods have not been ap- 
plied to environmental studies as much as have 
methods based on geochemistry. The best known 
are probably measurements of radiation, which de- 
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LEGEND TO MAP OF ENVIRONMENTAL GEOLOGY 1 : 1 000 000 

RESOURCES 
Potential area for industrial minerals, aggregates and dimension stones 
Quarries, mines and occurrences of industrial minerals, aggregates and dimension stones 
in production/abandoned 
Potential area for Sand and gravel extraction 
Sand and gravel pit in production/abandoned 
Potential area for metallic ores 
Mines and metallic ores in production/abandoned 
Potential area for peat production 
Peat bog pit in production/abandoned 

POTENTIAL AREAS FOR GROUNDWATER EXTRACTION 
POTENTIAL AREAS FOR GROUNDWATER IN SUPERFICIAL DEPOSITS 

5 First order - poor < 500 I/h 
6 Second order - medium: 500-2000 l/h 
7 Third order - good >2000 I/h 

@/a Groundwater well (man made) in bedrock/spring (natural) 

POTENTIAL AREAS FOR GROUNDWATER IN BEDROCK 

8 First order - poor < 500 I/h 
9 Second order - medium: 500-2000 I/h 

10 Third order - good >2000 l/h 

/ Groundwater well (man made) in bedrock/spring (natural) 
3 0  Open fracture system in bedrock, orientation shown 

AREAS OF POTENTIAL HAZARDS 

AREA OF PROBABLE RADIOACTIVE RADIATION AND RADON GAS INFILTRATION FROM BEDROCK AND 
SUPERFICIAL DEPOSITS 

1 1 Low radiation c 100 i/s 
12 Medium (normal) radiation 100-199 i/s 
13 High radiation >200 i/s (Special measures required) 

AREAS OF POTENTIAL LANDSLIDES AND RAVINES 

14 Area underlain by quick clay 
15 Area of former landslides 
16 Area of potential ravine formation 

AREA OF POTENTIAL EARTHQUAKES 

17 Area of potential earthquake with indication of epicentre 

AREA OF POTENTIAL RVFILTRATION 

18 Area of potential infiltration 

GEOCHEMICAL PARAMETERS 

19 Natural and anthropogenic distribution of heavy metals 
20 Area with elements harmful for food production, (a) vegetables, (b) grain, (c) forage and (d) industrial 

20 Area with elements essential for food production, (a) vegetables, (b) grain, (c) forage 
and (d) industrial 

21 Susceptibility to acidification (buffering percentage) 

OBJECTS OF PROTECTION 

Geological monument (a) fossil, @) mineral and rock type locality and (c) type area of land forms 

Fig. 2. A draft for the legend for a Map of Environmental Geology. 

termine natural radon concentrations on the one other. In studies of groundwater contamination, 
hand, and monitor the spread of radioactive iso- conductivity measurements and tracers provide a 
topes due to accidents at nuclear plants on the rapid and easy way to gauge the overall situation. 
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Successful applications have been developed to is needed to find many new applications for geo- 
assess the environmental impact of refuse tips physical methods to environmental studies. 
(Saksa et al., 1985). It is clear that not much effort 

THE FUTURE OF THE GEOSCIENCES IN ENVIRONMENTAL STUDIES 

The geosciences can contribute markedly to en- tom species are very specific for these factors. 
vironmental studies investigating past changes. Changes in the sedimentation rate reveal the stages 
Microfossil studies disclose the pattern of settle- of agriculture (Fig. 3). Diatom studies and also pH 
ment and the impact it had on the flora (Vuorela, values measured directly from the bottom mud of 
1989). Diatom studies assess the salinity of water some lakes have shown that there has been a dras- 
and the variation in pH levels in the past, as dia- tic change in the acidity of surface water during 

Fig. 3. 
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A time-scaled influx diagram for poiien taxa in the Lake Taka-Killo (Huttunen, 1980). 
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Fig. 4.  The pH values of bottom mud and water calculated from two diatom indices of 
the sediments in Lake MunajBrvi, Tenhola (Tolonen, 1984). 

the past few decades (Fig. 4). 
As construction, particularly earthwork, shows 

no signs of slackening, the expertise of geologists 
will be needed increasingly in the planning of land 
use; only geologists are able to estimate the via- 
bility of different soil formations for construction 
and their suitability for various uses. The in- 
creasing use of earth and mineral aggregate for 
building coupled with the demand for high quali- 
ty calls for specialist geological knowledge. 

The geosciences have an important function in 
environmental studies in distinguishing between 
changes caused by natural geological factors and 
those caused by the activity of man. Soi1 is sub- 
ject to natural acidification all the time, and plants 
have adapted to that. However, when anthropo- 
genic factors accelerate acidification, the adapt- 
ability of plants is not sufficient to protect them 
from damage. The soil contains marked abun- 
dances of sulphur, which, under normal condi- 
tions, is not deleterious to organisms. However, 
when draining removes the protective humus layer, 
exposing the underlying soil to the impact of rain 
and atmospheric oxygen, the sulphur in the soil 
is dissolved and thus promotes acidification. 

At present, the adaptability of nature is endan- 

gered by anthropogenic factors. It is hard to see 
how society could manage without industry, which 
means acid emissions cannot be totally eliminated 
as long as we have to rely on fossil fuels. There- 
fore, for the time being, we have to accept environ- 
mental changes, even drastic ones, as part of our 
everyday lives. Researchers face a challenge in de- 
veloping technology that will load nature as little 
as possible but also in developing and searching 
for plant and animal species that will be able to 
thrive in acidified or otherwise changed soil and 
replace the species incapable of survival. Once 
acidification of the soil has started, it is difficult 
to redress. If acid deposition kills a tree by de- 
stroying its needles, it is still possible to make a 
new tree grow at the same site. But, if a tree dies 
due to acidification of the soil, the situation can- 
not be reversed by reducing emissions or even stop- 
ping them altogether; the same species will no 
longer grow on the acidified soil. 

Although the geosciences feature prominently 
in environmental studies, they alone cannot solve 
the most crucial problems. Their main task is to 
promote understanding of the ecology of our hab- 
itat. The goal of geoscientific environmental 
studies - like that of the other disciplines - in 
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society today should be to find out how to adapt of nature - one species among many - man can 
human activities to nature's needs so that we can thus ensure that the equilibrium of nature is 
avoid the catastrophes hanging over us. Being part preserved. 
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Till acidification versus buffering capacity was studied in till profiles 
in northern Finland. The methods included the measurement of pH pro- 
files in the field and total element determinations and ANC measurements 
in the laboratory, accompanied by partial extraction analyses of Al, Ca, 
Mg, Fe, K, Mn, Zn, Cu and Sr in relation to varying experimental acidity 
of the samples. 

The parameters were found to be bound more or less to sample depth, 
and the results were consistent over the whole area, even though samples 
represented a number of till types and types of till landforms with varying 
lithologies. The average values presented in the figures may therefore be 
considered to illustrate weil the general trends in acidification processes. 

The experiments suggest that the fast-working neutralizing capacity corre- 
lates well with sample depth and is attributable to the easily soluble alu- 
minium and iron hydroxides. The experiments resemble human-induced 
acid deposition. When the higher pH-level buffers cannot neutralize the 
whole increase in acidity fast enough, the lower pH level buffers, such as 
the aluminum and iron buffers, also begin to work. This is suspected to 
be hazardous for forests and lakes, and the harmful effects are already 
clearly visible in nature. 

Key words: environmental geology, till, acidification, pH, buffers, alu- 
minum, iron, northern Finland 

Risto Aario and Vesa Peuraniemi, Departrnent of Geology, University of 
Oulu, 90570 Oulu, Finland 

INTRODUCTION 

This paper discusses natural and human-induced 
acidification and related phenomena in till profiles. 
It is based on field work carried out within the 
SOMA project, which was focused on the origins, 
properties and economic significance of the 
morainic landforms of different types (Aario 
1984). The work was carried out in northern Fin- 
land and covered an area of about 100 000 km2 
(Fig.1). An earlier paper introducing some in- 
dividual test profiles has been produced by Aario 
and Peuraniemi (1 990). 

Fig. 1. The area studied features various kinds of tiii landforms in 
an area of about 100 000 km2 in northern Finland. 
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METHODS 

The work included a conventional aerial pho- 
tograph interpretation with appropriate field con- 
trol, performed to find suitable targets for detailed 
study. The lithology, texture and structure were 
studied at the target sites, pH profiles were mea- 
sured and samples were taken for further geochem- 
ical analysis in the laboratory. 

Acid neutralizing capacity (ANC meq/100 g 
sample) was rneasured in the laboratory as a func- 
tion of varying acidity of the solution, accornpa- 

nied by analyses of Al, Ca, Mg, Fe, K, Mn, Zn, 
Cu and Sr in solution (Wyatt 1984 ; Räisänen & 
Lahermo 1985; Aario & Peuraniemi 1989). As the 
experiments were performed after a 24-hour leach, 
the ANC values obtained do not represent the 
whole buffering capacity of the till but only the 
fast-working part of it. The total major element 
determinations were done by XRF and the trace 
elements were deterrnined by AAS. 

RESULTS 

Since the graphs for the individual test pits and in the following may be taken as representative of 
areas proved to be closely similar (Aario & the area as a whole. 
Peuraniemi 1989), the average graphs presented 

The average pH graph for the area is shown in 
Fig.2. The pH values are lowest at the surfaces of 
the profiles, but rise rapidly to about 6 at a depth 
of about 1 m and remain constant with addition- 
al depth. Accordingly there is comrnonly a higher 
pH buffering capacity left below the 1 m level, 
keeping the pH values constant, even though these 
buffers have been exhausted in the surficial parts. 

Fig. 2. An average pH graph for the till sequences studied. 
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Total element concentrations 

The average graphs for total element concen- there are no substantial differences related to sarn- 
trations likewise show alterations down to a depth ple depth. Aluminum is enriched at the surface, 
of about 1 m (Fig. 3a-b), whereas below this level as is iron and to some extent manganese. There 
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are also local enrichments of Cu and Zn. The en- be interesting for prospecting. Lower down there 
richment of copper in the average graph is due to are slight increases in Ca and P with depth. All 
the exceptionally high copper concentrations in the these features can be largely attributed to soi1 for- 
upper parts of some till profiles, high enough to mation processes. 
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ANC 

Figures 4a-d show the average ANC graphs for limit of podzolic alteration of this kind. The 
the <0.6 mm grain size fraction of till sampled greater variation at lower depths is due to the 
at different depths at 20 cm intervals. The values smaiier number of test pits that reached down 
are higher in the surficial till layers and decrease deeper. The alterations were found to continue 
downwards. The curves approach each other at a down to depths of more than 2 meters at some in- 
depth of 1.2-1.5 m, suggesting that this is the dividual test sites. 
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Fig.4a-d. Average ANC graphs for different depths in the till sequences. 

Leaching experiments 

After leaching of the samples for 24 hours at 
varying acidities Al, Ca, Mg, Fe, K, Mn, Zn, Cu 
and Sr were analyzed. The test results thus repre- 
sent the effects of a rapid increase in acidity resem- 
bling acid rain conditions. 

The diagram showing average values for the 
leaching of aluminum versus pH (Fig. 5) suggests 
that aluminum begins to dissolve from the Sam- 
ples to a marked extent at about pH 4 (cf. also 
Derome 1989). It has been shown earlier that alu- 
minum dissolves from the surficial parts of till nedy 1986), exist down to a depth of about 1- 
sequences in greater quantities and in a higher pH 1.5 m. 
range than deeper down (Fig. 6; see also Aario & The easily soluble iron behaves in a similar man- 
Peuraniemi 1989). Large amounts of easily solu- ner to aluminum (ibid; see also Figs. 7-8.), and 
ble aluminum, a characteristic of acid soils (Ken- the average values for soluble iron also show an 

Fig. 5. Average solubility of Al versus pH in the tills. 
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Säynäjäluoma 
s i t e  263 Al 

6 5 4 3 2 

Fig. 6. Graphs for different depths af the till sequence in 
the Saynajaluoma drumlin, showingthe solubility of Al ver- 
sus pH. 

Fig. 7. Average solubility of Fe versus pH in the tills. 

sa ynajaluoma 
site 263 Fe 

6 5 4 3 2 PH 
Fig. 8. Curves for different depths of the till sequence in 
the SPynaj&iuoma drumlin, showing the solubility of Fe ver- 
sus pH. 

Fig. 9. Average solubility of Mg versus pH in the tills. 

Fig. 10. Average solubility of Ca versus pH in the tiUs. 

Fig. 11. Average solubility of K versus pH in the tills. 

Fig. 12. Average solubility of Sr versus pH in the tuls. 



Fig. 13. Average solubility of Mn versus pH in the tiiis. 
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Fig. 14. Average solubiiity of Cu versus pH in the tiiis. 

increase below pH 4, although iron frequently dis- 
solves at lower pH levels. Aluminum and iron are 
the most important factors responsible for the 
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Fig. 15. Average solubility of Zn versus pH in the tills. 

higher ANC at the surface (cf. also Vuorinen & 
Lahermo 1987). 

Magnesium, calcium, potassium and strontium 
are frequently leached out of the surficial parts of 
till layers (ibid.). The present diagrams (Figs. 
9-13) suggest a solubility increase at about pH 
3.5 for d l  these elements. This is a low figure for 
calcium, as the carbonate buffer range usually 
works above pH 6. One explanation is that the cal- 
cium had a coating of less soluble components (eg. 
aluminum hydroxides) and was only able to dis- 
solve after this coating had been removed (cf. Ot- 
tesen et al. 1989). 

Manganese also usually dissolves out from the 
surficial parts of till sequences, though it can be 
re-precipitated in places (ibid.). pH 4 would seem 
to be a critical value for manganese. 

Copper and zinc seem to increase in solubility 
with increasing acidity without any clear-cut 
threshold values (Figs. 14- 15). They frequently 
show no systematic trends related to depth (ibid.). 

DISCUSSION 

As stated earlier by the present authors (Aario 
& Peuraniemi 1989), the podzol forming processes 
have lowered the pH of the soil down to a depth 
of about 1 m (cf. Olsson & Melkerud 1989; Soveri 
1989). The present total element determinations 
point to a similar trend. The more sensitive ANC 
values, however, show that alterations extend 
down to 1.2-1.5 m on average and even below 
2 m in several individual cases. 

The average ANC graphs clearly show higher 
values in the surficial parts of the till, represent- 
ing the fast response part of the buffering capaci- 
ty and being due to the presence of hydrous iron 
and aluminum oxides (cf. Kennedy 1986, pp. 
155-157). According to Räisänen et al. (1989), 
the mobilization of aluminum takes place from an 
interlayer position in clay minerals. 

The experimental set-up resembles the situation 

when acid rain occurs, which falls in showers and 
causes a sudden increase in the acidity of the soil. 
The higher level pH buffers are unable to neutral- 
ize this acidity immediately, and the lower level 
buffers such as the aluminum and iron buffers 
start working. This leads to an increase in these 
elements in the soil and surface water, which can 
be harmful for forest and lake ecosystems (cf. Het- 
telingh & Hordijk 1986). 

A comparison of the pH levels at which the var- 
ious elements start to dissolve in a pronounced de- 
gree shows that most are about pH 4, which is the 
level at which aiuminum compounds usually dis- 
solve. Possibly the particles have been coated by 
aluminum compounds, and perhaps iron com- 
pounds as well, which after dissolution in the sur- 
ficial parts of the sequence have been reprecipi- 
tated in the layers below. 
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Numerous hypotheses, some backed with field observations and others 
based on theoretical considerations only, have been put forward to pre- 
dict and explain changes in the acidity status of forest soils. The upper- 
most layer of the soil is an intergral part of the forest ecosystem, and the 
actual changes that take place in the soi1 as a result of acidic deposition 
will be dependent on a wide range of physical, chemical and biological 
soil properties. The aim of this paper is to review, using field and labora- 
tory data from a variety of sources, some of the primary factors which 
need to be taken into account when estimating the effects of acidic depo- 
sition on forest soils. 

Bulk precipitation, throughfall and percolation water contain a wide 
range of cations. It is important, when assessing the buffering of hydro- 
gen ions under field conditions, to consider the role played by the other 
cationic components of precipitation. Base saturation and acid neutrali- 
zation capacity (ANC) are frequently used to quantify a soil's ability to 
withstand acidification, and in this respect they are satisfactory parameters. 
However, the prediction of future, long-term changes in these parameters 
on the basis of existing soil models is seriously flawed by the oversimplifi- 
cations made about cation inputs and cation exchange processes. Reducing 
the time scale by greatly increasing the input of hydrogen ions in labora- 
tory sirnulations is perhaps justified on chernical grounds, but is not realistic 
in any system which also involves biological processes. 

Key words: environmental geology, soils, forests, acid rain, acidification, 
buffers, Finland 

John Derome, Department of Soi1 Science, The Finnish Forest Research 
Institute, P.O. Box 18, SF-01301 Vantaa, Finland 

INTRODUCTION 

Numerous hypotheses, some backed with field 
observations and others based on theoretical con- 
siderations only, have been put forward to pre- 
dict and explain changes in the acidity status of 
forest soils. The uppermost layer of the soil is an 
integral part of the forest ecosystem, and the ac- 
tual changes that take place in the soil as a result 
of acidic deposition will be dependent on a wide 

range of physical, chemical and biological soil 
properties. In studying the effects of acidic depo- 
sition on the soil and other components of forest 
ecosystems, we need accurate information about 
the ionic composition of throughfall, soil fertility 
status, nutrient uptake by the vegetation, the dis- 
tribution of soil cations into different components 
(e.g. immobilized, reserve, exchangeable, free), 
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Fig. 1. Processes affecting soi1 water cornposition. 

weathering, the pH dependence of aluminum and 
heavy metal dissolution in the soil etc. (Fig. 1). 

A number of soil models have already been de- 
vised that attempt to predict the effects of acidic 
deposition on base saturation and acidification 
(e.g. Holmberg et al. 1989, Johansson et al. 1990). 
However, these models are not yet very reliable 
owing to the great lack of basic empirical data, 
and the fact that all the pertinent soil processes 

have not been taken into account. The verifica- 
tion of soil acidification models also requires ob- 
servations and other data from permanent moni- 
toring stations in the field. 

The aim of this paper is to review, using field 
and laboratory data from a number of sources, 
some of the primary factors which need to be taken 
into account when estimating the effects of acidic 
deposition on forest soils. 

MATERIAL AND METHODS 

The composition of annual bulk precipitation 
was obtained from the bulletins of the Finnish 
Meteorological Institute (Ilmanlaadun. . . 1986). 
Data about the modifying effect of the tree cano- 
py on precipitation (i.e. bulk precipitation and 
throughfall composition) were obtained from six 
throughfall experiments established by the Depart- 
ment of Soi1 Science as part of the ILME Project 
(for details, see Hyvärinen 1990). 

The data for soil solution and cation fluxes in 
forest stands have been obtained from the rain 
gauges and percolation water lysimeters installed 

on one of the permanent, soil-monitoring plots in 
Lapland, established as part of the Eastern 
Lapland Forest Decline Project. Precipitation in 
the Open has been collected using five rain gauges, 
and within the tree stand using 20 gauges. The per- 
colation water samples have been taken using 
gravity lysimeters situated at depths of 5, 20 and 
50 cm. No results are presented for a depth of 
50 cm because, as is normally the case during the 
growing season, percolation water did not pene- 
trate down to this depth. 

The soil data are from samples taken from the 



35, permanent, soil-monitoring plots of the ILME 
Project. Totai mineral nutrients in the humus layer 
and mineral soil were determined by dry ashing, 
followed by extraction with conc. HC1. Plant- 
available cations were determined by extraction 
with 1M NH,OAc (pH 4.65) (for details of total 
and available nutrient analyses, see Halonen et al. 
1983). Free cations were determined by extraction 
with 0.01M NaCl (1.5 g sample/30 ml). Acid- 
induced cation exchange and aluminum and iron 
dissolution were determined according to Vuori- 
nen and Lahermo (1986), except that acid addi- 
tions of 0.15, 0.5 and 1.5 ml of 0.2M H2S04 
were used. 

Immobilized nutrients in the humus layer were 
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calculated by subtracting available cations from 
total nutrients. Reserve nutrients and aluminum 
(Le. easily weatherable and acid soluble) in the 
mineral soil were calculated by subtracting avail- 
able cations from total nutrients. Exchangeable ca- 
tions were calculated by subtracting free cations 
from available cations. 

Calcium, potassium, magnesium and aluminum 
in the percolation water samples were determined 
following filtration through a 45 p1 disposable fil- 
ter. Aluminum here refers to total aluminum in 
the percolation water, and no distinction is drawn 
between monomeric and organically complexed 
Al. 

CATION COMPOSITION OF BULK PRECIPITATION, THROUGHFALL, 
SURFACE SOIL, AND PERCOLATION WATER 

Bulk precipitation 

Acidic deposition contains considerable amounts 
of materia1 other than hydrogen ions (Table 1). 
Many of the components are either beneficial or 
harmful to forest ecosystems, depending on their 
deposition levels. Deposition models frequently use 
sulfur (SO,) emissions as a basis for the esti- 
mated deposition of hydrogen ions. We can see 
from the table that although there is fairly good 
agreement in southern and central Finland between 
the actual deposition of S0,-S and H + ,  the H +  
load is considerably overestimated in SE Finland 
and underestimated in Lapland. In SE Finland 
(Virolahti), much of the sulfuric acid in the at- 
mosphere formed from SO, emissions is neutral- 
ized by simultaneous emissions of fly ash (contain- 
ing e.g. CaO and MgO) from the Soviet Union and 
NE Estonia. If we are to examine the effects of 
H+ deposition on soil properties, then the depo- 
sition levels of base cations and NH4+ must also 
be taken into account. Ammonium is considered 
to be a base cation here because there is no evi- 

dence to suggest that, at current deposition levels, 
it would cause soil acidification (see Mälkönen et 
al. 1990). The relationship between the deposition 
of H+ and the sum of other cations (Ca2+, Mg2+, 
K + ,  NH4+) in the different areas are given in Ta- 
ble 2, and the respective proportions of the differ- 
ent cation components in Fig. 2. We can see that, 
although the annual H+ load (Table 2) shows a 
decreasing trend on moving northwards, the 
proportion of H+ out of the sum of these five 
cations in deposition conversely increases (Fig. 2). 
This aspect is very important when considering the 
effect of an input of hydrogen ions on acidifica- 
tion and soil properties because, especially in the 
humus layer, the neutralization of H+ ions is 
based on cation exchange equilibrium. Prediction 
of the effect of changes in cation exchange equi- 
librium caused by a single cation is relatively sim- 
ple, but that of an input consisting of a range of 
cations in varying concentrations is exceedingly 
difficult. Both the absolute amounts and propor- 

Table 1. The mean pH and annual deposition (mg/m2) of various components of bulk precipita- 
tion in 1986 (Ilman laadun. . . 1986). S/H+ has been calculated using equivalent values. 

Weather pH H +  C1 S0,-S NO,-N NH,-N Mg Ca K S/Hf 
station (Equiv.) 

Virolahti 4.6 27 419 1133 370 515 65 594 * 2.6 
Jokioinen 4.4 36 217 598 266 346 34 175 114 1.0 
Punkaharju 4.5 27 130 525 185 251 25 183 110 1.2 
Ahtäri 4.5 30 157 460 223 240 15 93 * 1.0 
Sotkamo 4.6 20 131 311 115 126 16 86 81 1.0 
Sodankylä 4.5 21 86 211 109 76 7 31 32 0.6 

* Potassium was not measured at Virolahti and Ahtari in 1986. 
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Fig. 2. The proportions of major cations in bulk precipitation in 1986 (Ilman laadun.. . , 1986).* 
Potassium was not measured at Virolahti and Jokioinen in 1986. 

tional amounts af  different cations must be tak- TaMe 2. Hydrogea ion deposition and the equivalent sum of cal- 
cium, magnesium, potassium and ammoniiim deposition in 1986 

en into account. The vaiues presented here are laadun.. . 1986). 
averages for a whole year, and the range of ca- 
tion composition of buik precipitation varies con- H + Ca+Mg+ 

K+ NH, 
siderably in each rainfall episode. This is another - 

aspect which must be taken into account. Virolahti 27 72. 
Jokioinen 36 39 
Punkaharju 27 32 
Ähtui  30 23* 
Sotkamo 20 17 
Sodankyla - 21 8 

* Not including potassium. 

Throughfall 

Tree stands have a profound effect on precipi- 3). Ammonium and nitrate, for instance, are in- 
tation as it passes down through the canopy (Fig. tercepted and absorbed, and the amounts of cal- 

Fig. 3. Effect of the canopy on throughfall quality (mg/m2) relative to bulk deposition in 1986 
(May/June to November in Southern Finland (Hyvärinen 1990). The dotted line represents bulk 
deposition (Le. 100 %). 



cium, magnesium and potassium increase (Hyvä- 
rinen 1990). The magnitude of the effect varies ac- 
cording to tree species and stocking density, but 
in general the trends are the same. Two mechan- 
isms have been put forward to explain the "en- 
richment" of throughfall with base and other ca- 
tions: 1) the high surface area of the foliage in 
stands effectively traps dry deposition, and 2) the 
hydrogen ion component in precipitation either re- 
moves Ca, Mg and K from the foliage through ca- 
tion exchange, or graduaily destroys the wax 
cuticle of the needles and subsequently causes 
"seepage" losses from the needle tissue (e.g. Cro- 
nan & Reiners 1983). Mechanism 2 seems to be 
applicable to potassium, but only partly for cal- 
cium and magnesium. If losses of Ca and Mg from 
tree foliage were dependent on hydrogen ion depo- 
sition levels, then we would expect a fairly high 
correlation between enrichment of base cations and 
background H+ deposition levels. This, however, 
is not the case. 

The canopy brings about considerable changes 
in the amounts of hydrogen ions and base cations 
in throughfall. Although there is only a slight 
change in the amount of H+ in throughfall com- 
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Table 3. Hydrogen ion deposition and the equivalent sum of cal- 
cium, magnesium, potassium and ammonium deposition in bulk 
precipitation and throughfall in Scots pine, Norway spruce and birch 
stands in southern Finland in 1986 (Hyviirinen 1990). 

Three Bulk precipitation Throughfall 
species 

H+ Ca+Mg+ H +  Ca+Mg+ 
K + NH, K + NH, 

Spruce 20 50 22 87 
Pine 28 28 20 52 
Birch 24 49 19 8 1 

pared to bulk precipitation (Table 3), there is con- 
siderable enrichment of base cations. These figures 
further support the hypotheses concerning ac- 
cumulation of dry deposition, because the increase 
in base cations is not matched by a correspond- 
ing decrease in H+.  There is subsequently also a 
considerable change in the relative proportion of 
H+ and base cations in throughfall (Fig. 4). The 
relative proportion of H + out of all five cations 
decreases considerably in d l  three types of stand, 
and that of the other cations correspondingly in- 
creases. 

BP T BP T BP T 
Spruce Pine Birch 
stand stand stand 

Fig. 4. Relative distribution of H + ,  K, Ca, Mg and NH, in bulk precipitation (BP) and throughfall 
(T) in 1986 in southern Finland (Hyviirinen 1990). 

Cations in the soil 

The upper layers of forested mineral soils con- solved in the soi1 solution. In addition, the solid 
sist of three major phases: 1) the solid phase, i.e. phase can be divided into further components, e.g. 
organic matter and mineral material, 2) the soil immobilized nutrients and exchangeable cations 
solution, and 3) large molecular weight organic in the humus (Fig. 5 ) ,  and reserve nutrients (easi- 
material, rich in cation exchange sites, that is dis- ly weatherable or organically bound), and ex- 
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Fig. 5. Relative distribution of metals into immobilized, exchangeable and free cations in humus layer. 

changeable and acid-soluble cations in the mineral 
soil (Fig. 6). If we are to be able to quantify the 
effects of acidic deposition on soil properties, then 
it is very important to know the proportions of 
various cations in these different fractions, and 
their possible redistribution as a result of acidifi- 
cation processes. 

In the humus layer the proportions of immobi- 
lized cations follow a clear pattern based on their 
valency (Fig. 5). This is due, in the main, to their 
ability to form organic ligands with organic mat- 
ter - K is monovalent and does not usually form 
organic complexes, while Fe and Al are trivalent 
and readily form organic complexes. Most of the 
K in the humus layer is free in the soil solution. 
Although large amounts of K are leached from the 
humus layer into the mineral soil, the losses of K 

from the uppermost layers are very small owing 
to reabsorption, possibly by the microorganisms 
and roots (see Helmisaari & Mälkönen 1990). As 
expected, the amounts of reserve K, Ca and Mg 
in the mineral soil are much greater than the ex- 
changeable or free forms, especially in the case of 
Mg (Fig. 6). The gradual decrease in these base 
cations on moving upwards from the "back- 
ground" level of the C horizon to the humus layer 
is a result of weathering by the acidic materia1 
produced in the humus layer, and the subsequent 
uptake of these cations by the vegetation. Free K 
is also the predominant form compared to ex- 
changeable K in the mineral soil. The extremely 
high amounts of acid-soluble Al and Fe in the 
mineral soil well reflect the podzolised nature of 
Finnish mineral soils-in the E horizon much of 

C E B C  
~a 2+ 

[7 FREE 

Fe, Al 
meq1100 g 

E B C  
~ 1 3 +  

Fig. 6. Distribution of potassium, calcium, magnesium, aluminum and iron into reserve (easily weatherable/acid soluble), exchangeable 
and free forms in the E, B and C horizons of the mineral soil. The figures on top of some of the columns indicate the actual values. 
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the Al and Fe is in the form of 0rganic complexes, Table 4. Affinity vaiues for K+ ,  ~ g ' + ,  Mn2+, Ca2+, Fek and AP+ 
while the peak in the B horizon reflects the ac- in the humus layer, and for K + ,  Mg2+ and Ca2+ in the E, B and C 

horizons of the mineral soil. The amounts of exchangeable and free 
cumulation 0f insoluble aluminum and ir0n hy- Mn2+, Fe3+ and A i 3 +  in the mineral soi1 are too low to give 
droxides. meaningful affinity vaiues. 

One of the reasons for the varying proportions 
of free and exchangeable base cations in the hu- 
mus and mineral soil layers is due to differences 
in their affinity for exchange sites. The ranking 
order of affinity (lyotropic series) refers to the 
strength of the electrostatic bond formed between 
the cation and the exchange site when equal 
amounts of the different cations are present 
(Schroeder 1984). Displacement of cations by ones 
of lower affinity can occur if their concentrations 
in the soil solution change. An affinity series for 
some of the cations in the humus and mineral 
layers can be made by determining the ratio of the 
amount of cation X bound on exchange sites (i.e. 
exchangeable)/the amount of cation X free in the 
soil solution (Table 4.) 

The fact that K has the lowest affinity would 
at first suggest that it is highly susceptible to dis- 
placement and leaching, and mineral soils would 
readily suffer from a deficiency of K. However, 
the humus in most forest soils is already natural- 
ly so acid that most of the K is present in a free 
form in the soil solution, i.e, K cannot compete 
with the highest H+ concentrations for exchange 

Cation Exchangeable/free 

Humus Minerai soi1 
layer 

E B C 
- 

K 0.23 0.14 0.16 0.18 

Mg 1.81 0.50 0.18 0.36 
Mn 2.95 0.62 0.37 - 
Ca 4.22 2.05 0.71 0.67 
Al 20.2 - - - 
Fe 24.7 - - - 
Lyotropic series: K < Mg < Mn < Ca < < (AI < Fe) 

sites. Of the divalent cations, Mg has the lowest 
affinity and is hence the easiest displaced and 
leached. In the humus layer both Al and Fe have 
a high affinity for exchange sites, and in many 
cases it is difficult to distinguish between Al and 
Fe bound on exchange sites and that forming or- 
ganic complexes. Similarly, it is rather meaning- 
less to calculate affinity values for Al and Fe in 
the mineral soil because they are mainly present 
(primarily in the B horizon) as hydroxides, whose 
dissolution and presence in the soil solution is 
mainly dependent on soil water pH. 

Behaviour of cations in the soil following acid additions 

Adding known amounts of acid to soil samples 
and following the release of the different cations 
is an invaluable tool in identifying the buffering 
reactions and behaviour of cations in the soil. The 
release of cations following acid addition from hu- 
mus and mineral soil samples is shown in Fig. 7 
(Derome 1989). The figure clearly demonstrates 
the different types of buffering system operating 
in the soil: cation exchange is the mechanism 
responsible for maintaining the pH equilibrium in 
the humus, and the aluminum buffering system 
in the B horizon. The situation in the E horizon 
is not so clear because the upper part of this hori- 
zon contains considerable amounts of organic mat- 
ter and the lower part a gradually increasing 
amount of weatherable aluminum. 

Although Ca is the main cation released follow- 
ing acid addition to the humus, the proportion of 
Mg exchanged out of the total amount of ex- 
changeable Mg in the humus is greater than that 
of Ca (Derome 1989). This is as expected because 
Mg has a lower affinity than Ca. Potassium is ex- 
changed in negligible amounts because most of the 

K is already free in the soil solution. In the E ho- 
rizon Ca and Mg are exchanged to some extent, 
but in the B horizon aluminum hydroxide is the 
main "neutralizing" agent. 

The reaction of aluminum to acid additions is 
rather interesting because a pH of close to 3 is 
needed before Al is displaced from exchange sites 
or freed from organic complexes in the humus 
layer (Derome 1989). In the E horizon the pH 
where appreciable amounts of Al start to be liber- 
ated is not much higher than that in the humus 
layer. This picture also well illustrates the two nat- 
ura1 processes responsible for the accumulation of 
Al in podzol profiles: 1) the Al that passes down 
from the humus layer into the mineral soil is 
primarily in the form of organic complexes which 
are precipitated in the B horizon, and 2) the Al 
removed from the E horizon as a result of weather- 
ing by the acidic materia1 percolating down from 
the humus layer is precipitated in the B horizon 
as insoluble aluminum hydroxide (Tan 1982). This 
weathering of Al from the E horizon and dissolu- 
tion of Al at the upper boundary of the B hori- 
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Fig. 7. Release of cations following acid additions to humus and mineral soi1 samples. 
All values are calculated with respect to the controls (no acid addition). 

zon, and its reprecipitation slightly deeper in the 
B horizon, is a continuous natural process that 
results in the gradual deepening of the E horizon 
over time. 

The Al which is dissolved at the upper edge of 
the B horizon as a result of the continuous flow 
of hydrogen ions down from the humus layer nor- 
mally does not remain in the soil solution for very 
long because it is reprecipitated when it meets the 
higher pH values lower down in the B or C 

horizons. The time lag before Al is reprecipitated 
is largely dependent on the surface area of the soil 
particles and the rate at which percolation water 
moves down through the soil. These two factors 
are inter-related, and in coarse soils the lag time 
is long, and in fine, impervious soils it is short. 
This aspect raises the question of whether Al dis- 
solution caused by acid flushes is more of a prob- 
lem for groundwater quality than the vegetation, 
because in coarse soils which are generally con- 
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sidered to be more susceptible to acid- induced Al will be carried away from the rooting zone before 
dissolution, for instance, the lag time will be long. it is reprecipitated, if at all. 
Percolation water with elevated Al concentrations 

The soi1 solution and cation fluxes in forest ecosystems 

The composition of the soil solution/percola- 
tion water gives an integrated picture of the bio- 
logical and chemical processes taking place in the 
soil. This component is especially important when 
evaluating the effects of acidic deposition on soil 
properties because it is the medium through which 
cations and anions move between the solid phase 
and the plant roots and mycorrhizal associations. 

The data shown here for the period 20.7- 
2.9.1989 (Figs. 8 and 9) have been collected from 
Sstsi, Finnish Lapland, as part of the Eastern 
Lapland Forest decline project. Figure 8 shows 
that the input of Ca and Mg from bulk precipita- 
tion is fairly low, and the crown canopy causes 
considerable "enrichment" of K, Ca and Mg in 
throughfall. There is a net loss of K and Ca from 
the humus layer, but a high proportion of the mo- 
bile K, Ca and Mg is intercepted in the 5-20 cm 
layer. The rest is retained in the 20-50 cm layer. 
The release of base cations from litter through 
decomposition processes, and uptake by the roots, 
are not taken into account in this figure. 

The amount of hydrogen ions in bulk precipi- 
tation is further increased as it passes through the 
crown canopy (Fig. 9). The hydrogen ion input 
into the soil is rather effectively neutralized in the 
humus layer, and almost completely by the time 
it has reached a depth of 5 cm. The relationship 
between H +  and the equivalent sum of base ca- 
tions (NH,+ not included) is completely reversed 
as precipitation flows down through the forest 
ecosystem: 1.37:O. 14 in bulk precipitation, 2.11: 
0.65 in throughfall, 0.37:0.86 in percolation wa- 
ter (0-5 cm) and 0.05:0.21 in percolation water 
(5-20 cm). There is a steep rise in the amount of 
total aluminum in the percolation water collected 
at a depth of 5 cm, but at a depth of 20 cm it is 
no longer detectable. Total Al here is the sum of 
monomeric and complexed Al. However, the pro- 
portion of "free" A13+ displaced from the hu- 
mus layer is most probably very small because, ac- 
cording to Swedish studies (Nilsson & Bergkvist 
1983), as much as 90 % of the Al in the soil water 
in the surface layer of podzolic soils is in the form 

Bulk precipitation 

Throughfall 

pJ 
: Percolation water, 5 cm 

Percolation water, 20 cm 

Fig. 8. Base cation fluxes in bulk, precipitation, throughfall and percolation water (5 and 20 cm depths 
at Satsi, Eastern Lapland, during 20.7-22.9.1990. 
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Bulk precipitation 

Throughfall 

Percolation water, 5 cm 

Percolation water, 20 cm 

Fig. 9. Hydrogen ion and aluminum fluxes and pH in bulk precipitation, throughfall and percolating 
water (5 and 20 cm depths) at Satsi Eastern Lapland, during 20.7-22.9.1990. 

of organic complexes. The fact that percolation decreasing depth, would rule out the presence of 
water pH shows a clear increasing trend with N3+. 

CONCLUSIONS 

The clear division between theory and practice 
is well illustrated by the rather conflicting results 
given by simulation models and field measure- 
ments. Base saturation and acid neutralization ca- 
pacity (ANC) are frequently used to quantify a 
soil's ability to withstand acidification, and in this 
respect they are satisfactory parameters. However, 
the prediction of future, long-term changes in these 
parameters on the basis of existing soil models is 
seriously flawed by the oversimplifications made 
about cation inputs and cation exchange processes. 
It is clear, for instance, that an input consisting 
only of hydrogen ions can gradualiy strip all the 
base cations from the surface soil, but that a mixed 
input of hydrogen and base cations cannot reduce 

the base saturation below a certain level. Similar- 
ly, the prediction of base cation leaching losses on 
the basis of ANC determinations is not concomi- 
tant with the situation in the field. Reducing the 
time scale by increasing the dose level in labora- 
tory simulations is perhaps justified on chemical 
grounds, but is not realistic in any system which 
also involves biological processes. Laboratory 
simulations and soil analysis data are, of course, 
essential as such, but are of limited value if they 
are not coupled to field observations. The forest 
ecosystem is an exceedingly complicated and dy- 
namic system, and aIl of its components contribute 
to or affect soil acidification processes to a vary- 
ing degree. 
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The most important problem associated with soil acidifications is the 
remobilization of Al. The mobility of Al was measured in forest podzols 
collected in the urban Kuopio area in eastern Finland. Samples were col- 
lected from humus, eluvial and iiluvial layers and red-brown 'mixed' layers 
of podzolized till and sand representing background areas and areas of 
high acid load. The exchangeable fraction was extracted with 1 M KCl, 
the organic fraction with NH4Ac + EDTA pH 3.5 or with 0.1 M Na-pyro- 
phosphate pH 10 (a reference method) and the inorganic fraction with 
NH4-oxalate pH 3.0. 

At many sample stations the concentration of exchangeable Al, and also 
organic Al, was higher in humus layers than in the underlying mineral soil 
layers and higher than in podzols of the thick-layered overburden in the 
vicinity of the pulp mill and in podzols of the thin-layered overburden in 
background areas. The good correlation between exchangeable Al and 
organic and inorganic bound Al indicates the instability of Al complexes 
due to acid deposition. The red-brown podzols, where the A horizon can- 
not be distingguished visually but only chemically, seem to be a sign of 
accelerated acidification. 

Key words: environmental geology, soils, Podzols, horizons, acidification, 
pH, aluminum, Finland 

Raakel Jaloniemi and Marja Liisa Raisunen, Geological Survey of Fin- 
land, P.O. Box 1237, 70701 Kuopio, Finland. 

INTRODUCTION 

Acidification and forest dieback is a topic un- 
der debate. Acidified soils, in which Al is mobi- 
lized and nutrient elements lost, are limiting to 
forest growth and welfare. The soluble forrns of 
Al are reported to be toxic to a wide range of flora 
(Kamprath 1979; Hoyt et al. 1971). Forest pod- 
zols in Finland are naturaliy acidic due to the hum- 
ic and carbonic acids percolating within the soil 
profile. The majority of soils lack calcium car- 
bonates. The weathering of Al-rich silicates and 
exchange reactions of humic substances are the 
main processes in neutralizing acidic ions (Raisä- 

nen 1987 and 1989). 
The purpose of this study was to examine Al 

mobilization in different horizons of podzolized 
till and sand in the vicinity of a chemical pulp mill 
in the urban Kuopio area in eastern Finland. The 
emissions of the mill were estimated at 9050 t 
SO,, 410 t NO, and 16 t NH, annually in 1986 
(Paastökartoitus 1987). The average sulphur depo- 
sition in the vicinity of the plant was 3.2 g/m2/ 
year and in the background area varied between 
0.5 and 0.7 g/ m2/year in 1987 (Paastökartoitus 
1988). 
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MATERIALS AND METHODS 

Podzol samples were collected in the urban Kuo- 
pio area in summer 1986 and in spring, summer 
and autumn 1987 (Fig. 1). Two to six podzol pro- 
files were sampled from each sample station de- 
pending on the variation in the podzol appearance. 
Forest in the studied area is coniferous. At the 
majority of sample stations the main tree is pine, 
while at the rest it is spruce. 

Soi1 materia1 was thin-layered sandy till or sand 
(occasionally silty sand) in the rocky area and 
thick-layered sandy till or glaciofluvial sand else- 
where (Fig. 1). The soi1 thickness in rocky areas 
varies from 10 to 50 cm. Samples were taken from 
the humus (A,), eluvial (A) and illuvial (B) layers 
of podzols. The majority of podzols in the rocky 
areas in the vicinity of the mill are red-brown in 
colour. It was difficult to separate visually the A 
and B layers in these red-brown podzols (called 
the A +  B layer). The upper five centimetres of 
some of the red-brown podzols was separated as 
a reference sample for grey-coloured A layers. 
Some samples of the grey A and brown B layers 

in background areas were mixed as reference Sam- 
ples for red-brown A +  B layers. 

Sample stations were divided into acidified and 
background stations according to acid neutraliz- 
ing capacity (ANC) analyses of Räisänen (1989). 
The background stations are those outside the cir- 
cle marked on the map in Fig. 1. Sample stations 
where soils have been limed or are thick-layered 
are distinguished from the acidified and back- 
ground soils by different symbols in Figs. 1-6. 

Air-dried samples were sieved to < 0.5 mm size 
fraction. The humus samples were homogenized 
in a Moulinex cutter before sieving. Exchangeable 
Al was extracted with 1 M KC1 (Jaloniemi 1989). 
Twenty millilitres of KCl was mixed with 1 g of 
humus sample and 2 g of mineral sample and the 
mixture was allowed to stand overnight (about 
18 h) at room temperature. Next day samples were 
shaken for 1 h and centrifuged (210 rpm/min) for 
10 min. pH was measured in supernatants before 
filtering. The precipitate was washed with 9 ml 

Sample stahon 

thin-layered till lrackyl 
accelerated oc~diticotion 

10 A bockgmund otea 
0 limed areo 

thick-loyered overburden 
v till or s,lt-clay 

Ranta-To~vala 

Sorsosalo 

500 m - 

Fig. 1. The sampling area and sampling sites. The detailed map shows the sampling sites nearest to the mill. See also explanations in the text. 

SOIL TYPE 

thin-layered sandy till 
(rocky areas): 
thick-Iayered sandy tiii: 
thin-layered siit/sand/gravel: 
thick-layered sand/silt-clay: 

SAMPLE STATION 

1, 2, 3, 4, 7a, 7b,8, 10, 11, 13i- 
18 

6, 7c, 9, 12. 56 
Sa, 5b, 13a, 18b 
5c, 19 
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deionized water, after which 1 ml conc. HNO, 
was added to filtrates. 

The NH,Ac + EDTA pH 3.5 extraction (modi- 
fied after Lakanen et al. 1971) was used to mea- 
sure mainly organic bound Al in mobile complex- 
es. The 0.1 M Na-pyrophosphate pH 10 extrac- 
tion according to McKeague (1967) was used as 
a reference method for organic bound Al. Inor- 
ganic Al of mineral soi1 layers (in precipitations 

of Si0,-FeO/Fe20,-A1,0, hydroxides) was ana- 
lyzed by the NH,-oxalate pH 3.0 extraction 
method modified after the method of McKeague 
et al. (1966). The soil:solution ratio of these above- 
mentioned extractions was the sarne as in the KCl 
extraction. Samples were shaken 3 hours. After 
shaking, solutions were centrifuged and filtered. 
Aluminium was determined in extracts by AAS 
using nitrous oxide/ acetylene flame. 

RESULTS 

pH values of the studied podzol soils were low, pH of the upper layers (A,, A, A + B) was only 
especially inthe humus layers (pH < 4.0). As is typi- slightly lower in acidified areas near the mill than 
cal in podzolized soils pH values increased from in background areas. 
the upper down to the lower layers of profiles. The The concentration of exchangeable Al was in- 

Sample station: 

thin-layered till (rocky) 

accelerated acidification 
A background area 
0 limed area 

thlck-layered overburden 
v till or silt-clay 

A +  B LAYER 

m m  

A LAYER B LAYER 
I w I I I 

Fig. 2a. Exchangeable Al and pH(KC1) values in the eluvial (A), illuvial (B) and 'mixed' (A + B) layers of 
podzolized mineral soils. In the vicinity of the mill the A + B layers of acidified soils have no visibly distinct 
A layer (red-brown podzols); in background areas and in thick-layered overburden 'A+ B layers' were col- 
lected as mixed samples of the grey A and brown B horizons. 

HUMUS LAYER 
I 

Fig. 2b. Exchangeable Al and pH(KC1) values in the hu- 
mus layer (&) of podzols. See explanations of symbols 
in Fig. 1 or 2a. 
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HUMUSLAYER (Ao) 

A LAYER 

Al, NH, AC t EDTA pH 3.5 -extraction 

Fig. 3. The organic Al extracted with the 
NHAc + EDTA pH 3.5 solution and 
pH(KC1) valua in the hurnus layer of podzols. 
See explanations of symbols in Fig. 1 or 2a. 

Fig. 4. The relationship between organic Al ex- 
tracted with the NH.,Ac + EDTA pH 3.5 solution 
and inorganic Al extracted with the NHroxalate 
pH 3.0 solution in the A. B and A+ B layers of pod- 
zolized mineral soils. See explanations of symbols 
in Fig. 1 or 2a. 
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creased in humus layers and in some samples of 
red-brown A + B layers and grey A layers (Fig. 2). 
The Al exchangeability of acidified humus layers 
increased with the increase of pH values (Fig. 2b), 
which was in contrast to the relationship between 
exchangeable Al and pH in mineral soil layers. The 
exchangeability of Al tended to be lower in both 
humus or mineral soil layers of soils limed two 
years previously, but the pH values were not in- 
creased (Fig. 2) (see also Bhumbla et al. 1965). 

The concentrations of organic Al were highest 
in acidified humus and red-brown A + B layers. 
In the humus layer (Fig. 3) organic Al coincides 
rather well with pH but not in other podzol layers. 
The highest concentrations of organic bound Al 
were in sarnples with increased pH level. 

The NH4Ac + EDTA extractant removed more 
Al from humus samples than did pyrophosphate 
solution. The situation was different in mineral soil 
samples, where pyrophosphate also extracted Al 
from amorphous Al-hydroxy oxides and Al-hy- 
droxide sols (McKeague et al. 1971). 

The acid NH4-oxalate extractant removed Al 
from inorganic precipitations. The inorganic Al 
distinctly followed the organic Al in red-brown 
A + B layers (Fig. 4). In A and B layers which were 
visually separated the relationship was less clear- 
cut. The concentration of inorganic Al varied 
greatly even within sampling stations. 

DISCUSSION 

The concentration of exchangeable Al tended 
to be higher in all horizons (A,, A, B and A +  B 
layers) of podzols in the vicinity of the rnill than 
in thick-layered overburden and background soils. 
According to Bache (1985 and 1986), concentra- 
tions of KC1-extractable Al are lower in humus 
layers of natural acid podzols than illuvial layers. 
In the profiles we studied, the reverse was found 
at the acidified sample stations and also at some 
of the background stations and stations with thick- 
layered overburden (Fig. 5). 

Several studies report that KC1-extractable Al 
represents a monomeric form of Al and is toxic 
to vegetation (Kamprath 1979; Hoyt et al. 1971). 
According to Bache (1985), the KC1 solution also 
extracts soluble organic Al complexes, which are 
less toxic than monomeric Al ions (Bartlett et al. 
1971). 

Organic Al extracted by the NH4Ac +EDTA 
pH 3.5 solution was increased in acidified humus 
and red-brown A + B layers relative to the humus 
and A and B layers of background soils and thick- 

Fig. 5. The relationship between organic bound Al 
and inorganic Al in the humus layer of podzols. See 
explanations of symbols in Fig. 1 or 2a. 

I 1 I t I I I I 
1 I 1 1 1 

4 a 1 2  1 6  

Al , meq1100 g , KCI extraction 



Geological Survey of Finland, Special Paper 9 
Raakel Jaloniemi and Marja Liisa Raisdnen 

layered overburden. During podzol processes, 
mobilized Al complexes precipitate down to the 
illuvial horizon (Farmer 1986). Cronan et al. (1979) 
and Driscoll et al. (1985) have observed by lysi- 
metric experiments in acidic soils that the solubil- 
ity of organic bound Al is increased in waters per- 
colating down the profile. 

Organic Al increased with pH in the humus layer 
in the same way as exchangeable Al (cf. Figs. 2b 
and 3). Moreover the concentration of inorganic 
Al displayed a positive correlation with exchange- 
able Al in red-brown A + B horizons (Fig. 6). Ac- 
cording to Pionke et al. (1967), decrease of ex- 
changeable Al raises the amount of organic bound 
Al. Further, they have observed that an increase 
of exchangeable Al depresses pH. The solubility 
of Al accelerates rapidly at pH values under 4.5 
(Magistad 1925; see also Bache 1986). According 
to Yuan (1963), the correlation between exchange- 
able Al and pH is not always seen in the buffering 
reactions of acid soils. 

pH of the upper podzol layers (A,, A and 
A + B) in the Kuopio area, is usually below 4.0. 
The concentrations of exchangeable and organic 
Al were increased with pH values in humus layers 
but not so distinctly in mineral soil layers. Both 
organic and inorganic Al are able to buffer extra 

A +  B LAYER 

4 8 12 16 

Al meq1100 g , KCI extraction 

H+ ions at low pH values. pH of soil water in- 
creases even though Al ions are released if hydroly- 
zation of Al does not occur (Jackson 1963; Bloom 
et al. 1979). 

It is difficult to explain the high concentrations 
of organic and exchangeable Al in the humus layer. 
Acid deposition impacts first with humus layers, 
causing a decrease of exchangeable base cations. 
Exchange sites of organic matter then become oc- 
cupied by acidic ions, H+ and A13+ (James et al. 
1986). Humus has high capacity to bind cations, 
especially trivalent cations, which form strong 
complexes with humus micelles (Schnitzer 1969). 
It can be assumed that organic bound Al is not 
as mobile in acidifying reactions (leaching) as 
A13+ cations. 

In the profiles studied here, increased solubili- 
ty of Al resulted in its complexation into organic 
but also inorganic fractions during buffering reac- 
tions (see also Räisänen 1989). One explanation 
for the elevated Al content of humus and red- 
brown layers may be the remobilization of Al in 
the illuvial layer caused by acid load. Driscoll et 
al. (1985) suppose that the extra Al in humus lay- 
ers has originated from mineral soil biocycling. In 
Finnish podzols, biocycling, through involving the 
decomposition of needles and undergrowth, is very 
slow because of the cold and humid climate. This 
study suggests the hypothesis that soluble Al of 
the illuvial layer rises up to the eluvial layer and 
further to the humus layer by a diffusion mecha- 
nism activated by microbia or root activity. 
'Rapidly' formed Al complexes lack stability in 
both humus and red-brown layers, which results 
in the increased concentrations of exchangeable 
Al in the profile. 

Aluminium speciation in humus and mineral 
layers is partly diffuse, reflecting disturbed chem- 
ical, biological and physical balances of each pro- 
file. Thus, the amounts of organic and inorganic 
Al in the A and A + B layers vary from one sam- 
ple station to another and even at the same sam- 
ple station. In accordance with Farmer (1986), we 
found the concentration of inorganic Al to be 
highest in illuvial layers of podzol profiles in the 
background area and in the B layers of thick- 
layered overburden in the vicinity of the mill. 

The differentiation of Al forms and the pH 
values did not vary noticeably with the season in 
this study. Mulder et al. (1987) have reported that 
concentrations of soluble Al are highest at the end 
of summer. In our samples, high Al values were 
not only measured in autumn but in spring and 
summer as well. 

Fig. 6. The relationship between inorganic Ai and exchangea- 
hle Ai in the A + B layers of podwl. See explanations of sym- 
bols in Fig. 1 or 2a. 
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CONCLUSIONS 

The emissions o f  the chemical pulp mill have of acidified soils. The formation of red-brown 
marked effects on vegetation and soil in the l o n g  podzols, where the A horizon cannot be distin- 
term. Concentrations o f  exchangeable, organic and guished visually but only chemically, seems to 
inorganic Al were increased in podzols of rocky represent one aspect of accelerated acidifying 
areas in the vicinity of the mill compared with processes. The high contents of exchangeable Al 
podzols of thick-layered overburden  near the mill and organically bound Al in humus layers are a 
and with background soils. The solubility of Al consequence o f  anthropogenic acidification. 
was highest in humus and red-brown A + B layers 
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SOLUBILITY IN AQUA REGIA OF SELECTED CHEMICAL 
ELEMENTS OCCURRING IN THE FINE FRACTION OF TILL 

by 
Tapio Koljonen and Elias Malisa 

Keijonen, Tapio & Malisa, Elias, 1991. Solubility in aqua regia of selected 
chemical elements occurring in the fine fraction of till. Geological Survey 
of Finland, Special Paper 9. 49-52, one figure and one table. 

Samples coiiected for purposes of the Geochemical Atlas of Finland were 
analyzed after totai dissolution in strong mineral acids (H,F,, HNO,, 
HCl) and partial dissolution in aqua regia (HNO,, HCl). The proportions 
of elements soluble in the aqua regia, as percentage of the total content, 
were P 89%, Cu 88%, La 739'0, Li 72070, Th 67'70, U 62070, Ni 60070, Fe 
52%, Co 46%, V 43%, Mg 42 %, Cr 40 9'0, Y 39070, Zn 38, Mn 319'0, 
Ti 28%, Sc 25%, Al 17%, Ba 9070, Ca 9%, Sr 3%, Na 0.6070, Zr 0.6070, 
and Si 0.5%. 

There was wide variability in the solubilities of the elements; for exam- 
ple, P and Cu dissolved nearly totally but Si and Zr only sparingly. These 
differences are a reflection of the mineral composition of the bedrock: the 
fine fraction of till originates in the glacial grinding of nearby rocks, and 
its chemical composition has been altered only slightly from that of the 
original rocks. Thus the solubility provides a good indication of the mix- 
ture of mineral species present in the bedrock. 

The solubiiities of the separate elements vary aerially, apparently in pat- 
terns corresponding to large geological units. At least in part, anomalies 
are explained by the texture of the bedrock. Areas of increased solubility 
would appear to coincide with areas in which the bedrock is fractured by 
faults and fissures, the mineral and chemical compositions of the original 
rock have changed, and elements occur more loosely bound and are more 
easily dissolved. This is apparent in the Raahe-Ladoga tectono-thermal 
zone, which shows up as a distinct zone on the geochemical maps displaying 
elements (K, Na, Fe, Cr, etc.) that are strongly leached with aqua regia, 
and on maps displaying these amounts proportional to the total contents. 
Solubility is low in areas where Archaean gneisses or rapakivi granites pre- 
vai1 in eastern and Southern Finland. 

High solubility suggests that an element is available to  organisms, 
either as a nutrient or as a possible toxic element. Poor solubility means 
that the element is present in soi1 in such a form that it is not easily availa- 
ble for biological processes. 

Key words: geochemical surveys, till, elements, solubility, nutrients, Fin- 
land 

Tapio Koljonen, Geological Survey of Finland, 02150 Espoo, Finland 
Elias Malisa, University of Dar es Salaam, P. 0.Box 35052, Dar es Salaam, 
Tanzania 

INTRODUCTION 

Some 1050 samples of the fine fraction of till (Koljonen et al. 1990). The sampling density was 
(< 0.06 mm) were collected in connection with the one sample/300 km2 and about 40 elements were 
preparation of the Geochemical Atlas of Finland determined by various analytical methods (ICAP, 
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NAA, AAS, and Leco Analyzer). The spectromet- with aqua regia (HNO,, HCl). The analytical 
ric determinations (ICAP) were made after both data obtained can be used to support a study of 
total analysis, in which samples were decomposed the solubility of elements in soils and the general 
with strong mineral acids (H,F,, HNO,, HCl), laws governing their migration. 
and partial analysis, in which samples were leached 

METHODS 

The chemical composition of the fine fraction 
of till was investigated mainly by ICAP at the ana- 
lytical laboratories of the Geological Survey in Es- 
poo. The instrument was a simultaneous Jarrel- 
Ash Plasma Atom Comp, MII 970 plasma spec- 
trometer provided with 32 channels and a scan- 
ning monochromator. Samples were analyzed for 
Ag, Al, (As), (B), Ba, Ca, (Cd), Co, Cr, Cu, Fe, 
K, (La), Li, Mg, Mn, Mo, Na, Ni, P, Pb, (Sb), 
Sc, Si, Sr, (Th), Ti, (U), V, W, Y, (Yb), Zn, and 
Zr. The concentrations of those elements in the 
list not enclosed in parentheses were above the de- 
tection limit and the analytical results were deemed 
accurate enough to be used in the study. 

ICAP analysis makes use of chemically prepared 
sample solutions, so that the concentrations ob- 
tained are dependent on the quality of the prepa- 
ration procedure. 

In total dissolution, the sample is decomposed 
with concentrated mineral acids. Exactly 0.1 g of 
the sample is weighed into a polypropylene vial. 

After the addition of 3 ml of hydrofluoric acid, 
the mixture is allowed to stand at room tempera- 
ture for 12 h. The dissolution is completed by ad- 
ding 0.5 ml of concentrated hydrochloric acid and 
0.5 ml concentrated nitric acid, stirring for one 
hour and cooling. In a final step 50 ml saturated 
solution of boric acid is added and the mixture is 
diluted with water to 100 ml. 

This method digests into solution most of the 
elements incorporated in silicates, oxides, car- 
bonates, sulphides, and phosphates, bringing them 
within the scope of the chemical analysis. Although 
elements incorporated in minerals that resist dis- 
solution, e.g., aluminum-rich minerals and oxides 
like hematite and chromite, are not included in the 
chemical analysis, this is of little consequence for 
normal samples, because the major elements are 
typically dissolved in over 90% amount (cf. Ta- 
ble 1). 

In partial dissolution, the sample is leached in 
aqua regia. A 0.150 g sample is weighed into a test 

Table 1 .  Concentrations of selected elements in the fine fraction (C0.06 mm) of 
till in Finland determined by different analytical methods. 

Al Oto 
Ba m m  
Ca % 
Co PPm 
Cr B 
Cu * 
Fe % 
K » 
La ppm 
Li » 
Mg Oto 
M ~ P P ~  
Na % 
Ni ppm 
P » 
Sc » 
Si qo 
Sr ppm 
Th » 
Ti » 
V » 
Y *  
Zn » 
Zr » 

1 .  ICP-AES* partial leach with HNO, and HCl (aqua regia) 
2. IAP-OESZ* total leach with H2F,, HNO,, and HCl 
3. NAA neutron activation analysis 
4. ICAP*/ICAP** x 100 thepart dissolved in aqua regia as percentage of the total 

content 
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Mg, Fe, Ni, 
Cr,Ti 

- little 
1 

Fig. 1. Concentrations and proportions of selected elements in the fine fraction (<0.06 mm) of till leached with aqua regia. A) 
Al,,, ,,,,, /AI,,,,,, average Al,,,,, 7.4 %; B) Ca ,,,, ,,, /Cq,,,, av. 1.8 %; C) Mg 070 x Fe % x Ni ppm x Cr ppm x Ti ppm, aqua regia -1each 
(these geochemially similar elements are multiplied together to emphasize the distribution of mafic, gabbroic rocks, which are most rich 
in nutrients), and D) the geological map of Finland (Simonen 1980) with the sampling sites for the Atlas study shown as dots. The maps 
show the most common rock types in the form of 5 x 5 km2 quadrangles (Koljonen et al. 1990). 

tube and 3 ml of aqua regia is added (ratio of water to  15 ml. 
hydrofluoric acid to nitric acid 1 : 3). The mixture The solubilities of minerals in aqua regia vary. 
is then stirred and allowed to react for one hour Oxides dissolve poorly, while carbonates, sul- 
at 80°C. After cooling, the mixture is diluted with phides, and phosphates are dissolved nearly total- 
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ly. The silica in the structures of silicates does not lution, and even more useful in many cases, e.g., 
readily dissolve, but cations are leached. Cations in geochemical exploration and environmental 
are easily leached from micas and clay rninerals, studies. Results tend to vary with the particular 
from weathered minerals in general, and from col- conditions of the method, but this variation can 
loids. The leach with aqua regia is analytically also be exploited to reveal specific features of the 
faster and more economical than the total disso- samples. 

DISCUSSION 

The areal variability in the solubilities of the 
different elements (see Fig. 1) suggests that the use 
of partial and total dissolution procedures c m  pro- 
vide valuable information about the manner of oc- 
currence and availability of elements in soils. 

Since till reliably reflects the bedrock, the solu- 
bilities presented in Table 1 can be presurned to 
show the following about the bedrock: P, Th, U, 
and La (REE) occur mostly as easily soluble phos- 
phates; Cu occurs as soluble sulphide; Li differs 
from the other alkali metals in being easily leached 
and occurs solely as loosely bound cation in bio- 
tite; Ni, Fe, Co, V, Mg, and Cr occur together, 
mostly in soluble, dark coloured, mafic silicates; 
Y, Mn, Ti, Sc, and Al occur in a variety of mineral 
species, whose solubilities differ in the acid disso- 
lution; Ba, Ca, K, Na, and Sr are predominantly 

present in feldspars, which dissolve poorly; Zr is 
present as zircon and Si in quartz and feldspars, 
ail of which dissolve poorly in aqua regia. 

A detailed study on the solubilities of elements 
in different parts of the country is under way. At 
this stage it appears from the maps that the rela- 
tive solubilities of many rock-forming elements (K, 
Na, Fe, Mg, Cr, Ti, V, Sc, etc.) are increased in 
areas where the bedrock is fractured by crustal 
movements, as in the tectono-thermal Raahe-La- 
doga zone (Fig. 1). Here tectonic movements have 
brought about a change in the mineral composi- 
tion of rocks along fractures, the originai miner- 
als are broken down and aitered to minerals sta- 
ble at low pressure and temperature, e.g., to clay 
minerals, and cations are more easily leached from 
these than from the original minerals. 
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of the sensitivity of soils to acidification in northern Finland. Geological 
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The great variation in the concentrations of mobile elements in the min- 
eral soils of Lapland suggests a strong variation in their sensitivity to acidifi- 
cation and different consequences for the future. Acidification will start 
easiest in the base cation-poor soils of northeastern Lapland and in parts 
of central and southern Lapland, and base cations will be leached out sooner 
than elsewhere in northern Finland. Removal of base cations in aluminum- 
nch soils of the western part of northern Lapland and the Lemmenjoki 
and Urho Kekkonen national parks poses a risk for soluble aluminum and, 
with this, the formation of insoluble phosphorus compounds. 

Visuaiization of soil geochemistry is based on the stream sediment ana- 
lytical data of the Nordkalott Project and the regional till geochemical data 
of the Geological Survey of Finland. Arnounts of acid-soluble aluminum, 
calcium, magnesium, potassium and phosphorus in mineral soils in Finn- 
ish Lapland are shown on maps. 

Key words: environmental geology, stream sediments, till, geochemistry, 
cations, acidification, northern Finland 

Matti Kontio, Geological Survey of Finland, P.O. Box 77, SF-96101 
Rovaniemi, Finland. 
Anne-Maj Kahkönen, Maj and Tor Nessling Foundation, present ad- 
dress: Geological Survey of Finland, P.O. Box 77, SF-96101 Rova- 
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INTRODUCTION 

Preliminary results are presented of the large- 
scale research program being carried out jointly 
by the Geological Survey of Finland and the Wa- 
ter and Environment District of Lapland. The 
drainage area of the river Lutto has been studied 
in more detail (Fig. 1). The purpose of the pro- 
gram is to determine the critical acid load on soils 
and waters of the drainage areas and to suggest 
what may be the future State of the soil and water 
in northern Finland. 

Concentrations of acid soluble aluminum (Al), 

calcium (Ca), potassium (K), magnesium (Mg) and 
phosphorus (P) were measured in the fine fraction 
of mineral stream sediments and till. The fine frac- 
tion forms the most active portion of the mineral 
overburden because of the larger active surface 
area and consequently it contains more soluble pri- 
mary and secondary minerals than the coarser frac- 
tions. The mineral stream sediment has a chemi- 
cal composition broadly corresponding to sandy 
stratified formations. However, mineral stream 
sediments also tend to be coated with readily solu- 



Geological Survey of Finland, Special Paper 9 
Matti Kontio and Anne-Maj Kdihktjnen 

i ' J 

Norway j 
i 

/-. 
,.\ \ '\. LemmenJokl Park 

<. 1 j.. USSR , 4 
-. p4. c' \..,.> 

1 
/-,/ 7 

I" f i 

Sweden 

Explanatlon: i 
\ 

savukoski/ 
1 
i 

C3 i 
.\. 

Salla \ 
& 

Rovanlemi 
i, ---_ Drainage area of 

rlver Lutto 

Park Rerervatlon 

Fig.  1 .  Localities mentioned in text. 

ble elements from higher up in the drainage area, 
mainly from till fines. Further, the exchangeable 
part of the fine till fraction, mainly clay minerals, 
works most actively in buffering reactions (Räisä- 
nen 1989). Hence the fine fraction of mineral soils 
well indicates the buffering ability of drainage 
areas. 

The process of acidification not only increases 
the acidity of soils. The solubility of elements 
changes and, with this, element balances and inter- 
element effects in soils, water, and living nature. 
Exchangeable base cations are nutrients, but they 
also have an essential role in natural buffering 

reactions. The base cations of soils are gradually 
leached in natural acidifying processes, and at an 
accelerated pace by anthropogenic processes. Soils 
rich in soluble base cations are not as rapidly acidi- 
fied as soils poor in soluble base cations. When 
there is a lack of buffering base cations and the 
acidity of soils increases, aluminum takes on the 
role of buffer and changes to readily soluble form. 
The soluble aluminum tends to form insoluble 
compounds with phosphorus (Severson et al. 
1988), with the result that one of the major ener- 
gy transporters in living nature becomes unavail- 
able. 

SAMPLING, ANALYSIS AND DATA PROCESSING 

Visualization of the soi1 geochemistry of north- 
ern Finland is based on the stream sediment data 
of the Nordkalott Project. Samples were collected 
in 1980-1983 at a density of one sampling sta- 
tion per 30-50 km2 and the fraction analyzed 
was <0.18 mm. The materia1 of interest was 
leached into hot HNO, for analysis by ICP (Böl- 
viken et al. 1986). 

The geochemical maps of the drainage area of 
the river Lutto are based on the regional till geo- 
chemistry studies being done by the Geological 

Survey of Finland. Sampling density in this on- 
going investigation is one sampling site/km2 and 
the fraction analyzed is <0.062 mm. For analy- 
sis by ICP the samples are leached into hot aqua 
regia. 

In order to visualize regional trends and to re- 
move the effect of casual maximum and minimum 
values, the analytical data were worked by grid- 
ding and smoothing. The Nordkalott data of the 
Finnish area were subjected to factor analysis (Or- 
thogonal Varimax) (Björklund et al. 1987). 
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RESULTS 

Northern Finland and stream sediment geochemistry 

Phosphorus concentrations are three times as 
high in the soils of western Lapland as in exten- 
sive areas of eastern Lapland - approximately 600 
pprn compared with less than 200 pprn (Fig. 2). 
The ratio of the highest to lowest levels is greater 
than four. Likewise soils in western Lapland con- 
tain twice as much calcium as the calcium-poor 
soils in the central parts of Lapland and in south- 
ern Lapland - about 350 pprn compared with 180 
pprn (Fig. 3). Treatment of phosphorus and cal- 
cium values by factor analysis shows that the levels 
of these elements are strongly correlated in west- 
ern Lapland and only weakly in eastern Lapland 
(Fig. 4). Soils in northern Lapland are rich in alu- 
minum and magnesium, and the anomalous pat- 
terns of these elements are similar (Figs. 5 and 6). 
The means in high level areas are 700-800 pprn 
aluminum and ca. 250 pprn magnesium; in low 
level areas the corresponding values are ca. 350 
and 150 ppm. 

Acidifying processes will sooner remove the 
available buffering base cations, calculated as the 
sum of Ca, K and Mg equivalents, from soils in 
northeastern Lapland and parts of central and 
southern Lapland than elsewhere, especially than 
in parts of western, northwestern and southeastern 
Lapland (Fig. 7). 

The loss of base cation equivalents will initiate 
the aluminum buffer, and the amount of soluble 
aluminum will increase. The amount of potential 
soluble aluminum is expressed as the ratio of alu- 
minum equivalents to the sum of base cation 
equivalents (Fig. 8). The ratio is highest in the 
western part of northern Lapland, the Urho Kek- 
konen National Park, Lemmenjoki National Park 
and in Salla, Savukoski and Pelkosenniemi. These 
areas will be the most sensitive to losing available 
phosphorus through reaction with caused by solu- 
ble aluminum. 

Interpolated ( 

Fig. 2. Phosphorus content of stream sediments in northern Finland. 
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Fig. 8. Ratio of aluminum equivalents to base cation equivalents in stream sediments in northern Finland. 
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Fig. 9. Base cation equivalent content of till in the Lutto drainage area. 

Fig. 10. Ratio of aluminum equivalents to base cation equivalents in till in the Lutto drainage area. 
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Lutto drainage area and till geochemistry probably appear sooner in the south, in the na- 
tional park, than in the northern part of the drain- 

The sum of base cation equivalents in soils of age area. The high ratio of aluminum equivalents 
the drainage area of the river Lutto shows that the to the sum of base cation equivalents suggests that 
buffering capacity is poor especially within the the soils of the national park will also be extremely 
Urho Kekkonen National Park (Fig. 10). Thus the sensitive to the later consequences of acidification 
first indications of accelerated acidification will (Fig. 9). 

DISCUSSION 

Although the data used here were originally col- 
lected for the purpose of identifying ore potential 
formations in northern Fennoscandia and Finland, 
they can equally well be used to investigate soil 
phenomena related to the solubility of the min- 
eral materia1 - here the sensitivity of soils to 
acidification. The preliminary investigations of 
the Geological Survey of Finland show that the 
changes in soil chemistry due to acidification have 

concentrated in areas here shown to be sensitive 
to acidification on the basis of a low content of 
base cations. Moreover, the chemistry of soils 
shows a strong correlation with the acidification 
situations observed in more detailed soil investi- 
gations. Especially areas with a high ratio of alu- 
minum equivalents to the equivalent sum of base 
cations are observed to be more easily acidified 
than areas with a lower ratio (Raisanen 1989). 
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ARTIFICIAL ACIDIFICATION 
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5 figures. 

An artificial acidification experiment was carried out under subarctic 
conditions at the Kevo research station in northern Finland. Soil and vege- 
tation from plots treated with simulated acid rain (pH 4 and pH 3) were 
analyzed for their contents of cadmium and mercury. Results were com- 
pared with those for plots receiving the same amount of spring water @H 
6; wet control) and for untreated plots (dry control). 

Soil samples were coiiected from H-, A-, B- and C-horizons of 20 plots. 
Plant samples were coiiected from the foiiowing species: Betulapubescens, 
Empetrum hermaphroditum, Vaccinium vitis-idaea, Pleurozium Schreberi 
and Cladonia spp. Total and exchangeable amounts of cadmium and to- 
tal amounts of mercury were determined by AAS. 

The amount of exchangeable cadmium decreased slightly in the H- ho- 
rizon during the acidification experiment. No significant changes were 
detected in the amounts of total mercury in any soil horizon. 

There were no significant differences in the cadmium concentrations of 
plants subjected to different treatments. For mercury the highest concen- 
trations were recorded for the pH 3 treatments in the case of Vaccinium 
vitis-idaea and Empetrum hermaphroditum, but not in Betula pubescens. 
A very significant positive correlation was found between the mercury con- 
tents of Vaccinium and Empetrum. 

Key words: soils, horizons, acidification, mercury, cadmium, plants, Kevo, 
Finland 

Martin Lodenius, Department of Environmental Conservation, Universi- 
ty of Helsinki, SF-00710 Helsinki, Finland. 

INTRODUCTION 

Acid atmospheric deposition influences the solu- 
bility of several metals in soils and the uptake of 
these elements into plants. Simulated acidification 
has been found to cause significantly increased 
concentrations and fluxes of Mg, Ca, Mn, Zn and 
Cd in soil (Bergkvist 1986). An increase in the 
amount of precipitation may also affect the solu- 
bility. Cadmium is more mobile under acidic con- 
ditions while mercury is more strongly adsorbed 

to organic matter at low pH-values (e.g. Lodenius 
& Autio 1989). Soluble metals may leach to deeper 
soil layers or to the ground or surface water or 
move into vascular plants through the roots. 
Mayer and Schulz (1987) found that acidification 
increases fluxes through both these routes. Con- 
sequently, mobilization of metals in the soil does 
not necessarily result in increased metal concen- 
trations in the vegetation. 
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The uptake of metals from the soil into plants 
is influenced by several soil quality factors in- 
cluding soil type, pH, organic matter and ion ex- 
change capacity. Some metals in soil solution are 
phytotoxic even in small concentrations (Godbold 
& Huttermann 1985). 

Carlson and Ragsdale (1988) treated soils with 
and without seedlings of Pinus strobus with ar- 
tificial acid rain. They found significant changes 
in soil parameters and concentrations of cadmium 
and zinc at pH 2 but not at higher pH values 

(3, 4 and 5.3). At pH 2 the metal concentrations 
increased in pine stems and needles while de- 
creasing in roots. 

The purpose of the investigation described here 
was to study the effects of simulated acid deposi- 
tion on the mobility of cadmium and mercury in 
soil and the uptake into different plant species in 
barren, subarctic conditions, where the effects of 
acidification could be assumed to appear at an ear- 
ly stage. 

MATERIALS AND METHODS 

The acidification treatments were carried out in The mean annual temperature is - 2.0°C and the 
field conditions in northern Finland, at the Kevo mean annual precipitation 390 mm. 
subarctic research station (Grid E 49:773; Fig. 1). The area is situated approximately 60 km north 

Norway 

Sweden \ USSR 

Fig. 1. Location of the Kevo research station. 
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KEVO, H-HORIZON 
Hg-tot 1985 & 1988 

KEVO, A-HORIZON 
Hg-tot 1985 & 1988 

DRY DRY 

N - 5 

KEVO, B-HORIZON 
Hg-'tot 1985 & 1988 

KEVO, C-HORIZON 
Hg-tot 1985 & 1988 

DRY WET DRY WET 

N - 5  N = 3-5 

Fig. 2. Concentrations of mercury in soi1 profiles af the experimental plots in 1985 and 1988 aftet f o w  diferent treatments. 

of the line of continuous pine forest. The vegeta- lichens dominating the ground layer to moister 
tion consists of mosses, lichens, dwarf shrubs and plots with Pleuroziurn moss. 
small trees. The vegetation on different plots was The following treatments were randomized to 
variable ranging from dry plots with Cladonia adjacent plots, each 5x5 m in area: 
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KEVO, A-HORIZON 
Cd-tot 1985 & 1988  

KEVO, H-HORIZON 
Cd-tot 1985  & 1988  

DRY WET DRY WET 

KEVO, B-HORIZON 
Cd-tot 1985 & 1988 

KEVO, C-HORIZON 
Cd-tot 1985 & 1988  

DRY WET DRY WET PH4 PH3 

N - 5  N = S  

Fig. 3. Concentrations of total cadmium in soi1 profiles of the experimental plots in 1985 and 1988 after four diffeyent treatments. 

1 .  Dry control (no irrigation); 
2. Wet control (irrigation with spring water, 

PH 6); 

3.  pH 4 (irrigation with artificial acid rain, 
PH 4); 

4. pH 3 (irrigation with artificial acid rain, 
PH 3). 
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KEVO, A-HORIZON 
Cd-exch 1985 & 1988 

DRY WET DRY WET 

KEVO, B-HORIZON 
Cd-exch 1985 & 1988 

DRY WE T PH3 

KEVO, C-HORIZON 
Cd-exch 1985 & 1988 

DRY WET PH4 P H3 

N.5 N - 6  

Fi. 4. Concentrations of exchangeabls admiurn in soil pronls of the experimmtal plots in 1985 and 1988 after four different treatments. 

Altogether 20 plots were used for the soi1 ex- water with H2S04 and HNO, (sulphate : nitrate = 
periments (five parallel) and 28 plots for the plants 1.9 : 1) to pH 4.0 and 3.0 respectively. Solutions 
(seven parallel plots). Artificial acid precipitation were applied by sprinklers three times a week (ap- 
was prepared by adjusting the pH of the spring proximately 5 mm per occasion) during the sum- 
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mer months starting in August 1985. Thus, the ir- 
rigation in treatments 2-4 contributed 225 mm 
of precipitation annually (except in 1985) in addi- 
tion to the natural precipitation. In 1985 and 1988 
the pH 4 treatment increased the average annual 
ambient sulphur load 2.6-fold and the pH 3 treat- 
ment 10-fold relative to the normal deposition dur- 
ing the two-year period 1985-86. For nitrogen the 
increment was 3.4- and 14-fold, respectively. The 
treatments and the study area are described in 
more detail in Neuvonen et al. (1990). 

Soi1 samples were collected in 1985 (before the 

treatments) and in September 1988 from the H-, 
A-, B- and C-horizons by the Finnish Forest Re- 
search Institute. Plant samples were collected in 
September 1986 from Betula pubescens, Em- 
petrum hermaphroditum, Vaccinium vitis-idaea, 
Pleurozium Schreberi and Cladonia spp. The mer- 
cury contents were determined by cold vapour 
atomic absorption spectrometry (Coleman MAS 
50) and the cadmium contents by graphite furnace 
AAS (Varian SpectrAA 40). Exchangeable Cd was 
determined after extraction with 1 M NH,-ace- 
tate. Suprapur reagents were used. 

RESULTS AND DISCUSSION 

The differences in mercury concentrations of 
soils between plots were probably partly due to the 
heterogeneity of the soils. A decrease in the mer- 
cury concentration from 1985 to 1988 was ob- 
served in the H-horizon for d l  treatments (Fig. 2). 
However, none of the differences were statistically 
significant . 

The concentrations of total cadmium in the A- 
horizon decreased in the order: controls >pH 4 
> pH 3. The order was the same in 1988 but d l  
values were higher (Fig. 3). The concentrations of 
exchangeable cadmium in the H-horizon of the 
acidified plots between 1985 and 1988 and the de- 
crease was greater in the pH 3 plots (Fig. 4). The 
level of exchangeable cadmium increased signifi- 

ng / g dry w t  
- - 

1 3 r y  m w e t  n p H 4  -pH 3 

" 
BETU EMPE VACC PLEU CLAD 

cantly from 1985 to 1988 in the A-horizon in the 
wet control plots. 

There was a slight loss of cadmium in mosses 
and lichens subjected to the acid treatments com- 
pared with the dry control (Fig. 5). Possibly this 
was due to a leaching of Cd from the plant tis- 
sues. No significant differences were observed in 
other species. For mercury, concentrations were 
highest recorded for the pH 3 treatments in the 
case of Vaccinium vitis-idaea and Empetrum her- 
maphroditum, but not Betula pubescens. In the 
lichens the concentration was'higher in the wet 
control than in the acid treatments. 

Mosses and lichens absorb most of the elements 
from the air and reflect atmospheric deposition 

ng / g d r y  wt 

~ r y  m w 9 t  U@H 4 m p ~  3 

BETU EMPE VACG PLEU CLAD 

Fig. 5. Cuncentrations of mercury and cadmium in Betufa pu'beseem, E m p e m  herinaphrodihrm, Vuccinium vifis-idaea, Pfeurozkrn 
Schreberi and Ciedonia spp. 
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rather than the metal status of the soil. The metal 
concentrations of mosses and lichens at Kevo were 
at a level found in other parts of Finland and 
northern Sweden (Lodenius & Tulisalo 1984, Ruh- 
ling et al. 1987, Rantataro 1989). A highly signifi- 
cant positive correlation was found between the 
mercury concentrations of Empetrum and Vac- 
cinium but also a highly significant negative corre- 
lation between the mercury concentrations of Em- 
petrum and Pleurozium. 
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No or only small changes in the metal concen- 
trations of plants were detected during this short 
period of acid precipitation treatnient. Effects may 
also have been slight because treatments were per- 
formed in addition to the natural precipitation, 
causing the effects of acidification to be diluted. 
The experiment is to be continued and new plant 
samples were collected in September 1989 to fol- 
low up the situation. 
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DETERMINATION OF WEATHERING RATES BASED 
ON GEOCHEMICAL PROPERTIES OF THE SOIL 

by 
Mats Olsson and Per-Arne Melkerud 

Olsson, Mats and MeUremd, Per-Arne, 1991. Determination of weather- 
ing rates based on geochemical properties of the soil. Geological Survey 
of Finland. Special Paper 9, 69-78, 9 figures and one table. 

The investigation aimed at quantifications of weathering rates and losses, 
based on soil geochemical properties with Zr values as internal standard. 
The losses were characterized as historical weathering reflecting the long- 
term weathering after deglaciation and exposition for atmosphere. The 
studied sites were mainly podzols on sandy loamy tiii composed of archauan 
acid bedrock material. No stratification in grain size distribution or miner- 
alogical composition occurred. Varying climatical conditions and geochem- 
ical properties in C horizons represented a large part of Sweden. At each 
site, 2-3 pedons were sarnpled at about 10 different levels to a depth of 
about 1.5m. Total contents of elements in soil mineral material <2 mm 
were analyzed by ICP analysis. Base mineral index was also determined. 

Calculated annual losses of soi1 material was 2-20 g/m2. The correla- 
tion between site properties and the losses of Ca, Mg, K and Na were ex- 
pressed as linear regressions. For these elements, except K, a good corre- 
lation was achieved when the products of temperature sum and concen- 
tration of the element in C horizon were used as independent site vari- 
ables. For K, the temperature sum gave the best correlation. As practical 
implication of weathering estimates, the Mg weathering regression was used 
in order to determine weathering rates and Mg balances in the county of 
Gavleborg in Sweden. 

Key words: weathering, soils, Podzols, horizons, till, chemical propertis, 
Sweden 

Mats Olsson and Per-Arne Melkerud, Swedish University of Agricultural 
Sciences, Department of Forest Soils, S-750 07 Uppsala, Sweden 

INTRODUCTION 

Chemical weathering in soil material is a natu- 
ral proton consuming process which counteracts 
pH decreases caused by natural or anthropogenic 
deposition of acids. It also provides the living bio- 
mass with base cations. 

There are reasons to believe that the weather- 
ing rates of acid soil material presently are to slow 
to compensate the losses of base cations through 
leaching and biomass harvest resulting in a deple- 

tion of the store of exchangeable base cations. A 
number of authors have indicated that this may, 
for example, also be true for some soils in Sweden 
(Bergkvist, 1986; Hallbäcken & Tamm, 1986; Fal- 
kengren-Grerup et al., 1987; Jacks et al., 1989 and 
Åberg et al., 1989). 

Determinations of the balance of base cations 
for different soils are important with respect to 
soil conservation and crop management. Negative 
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balances, as mentioned above, are in the long run 
unacceptable if an unchanged soil fertility is desir- 
able. Correct estimates of weathering rates are of 
desicive importance in such calculations. Neverthe- 
less, there are still only few and uncertain data on 
weathering rates available. In particular, weather- 
ing data from field investigations are few. Mea- 
surements of Sr isotopes in soil and soil water seem 
to be one possible way, as performed by Jacks et 
al. (1989) and Åberg et al. (1989) although the 
method only permits estimations of Ca weathering. 

Because weathering processes alters the soil ma- 

terial, it is believed that the present chemical 
properties reflect the weathering taken place since 
deglaciation and exposition for atmosphere and 
acid substances. By this reason an investigation 
was carried out aiming at a quantification of 
weathering losses. It was based on geochemistry 
in soils developed on till representing a variety of 
geochemical and climatical conditions. The esti- 
mated weathering may be characterized as his- 
torical weathering and reflects the long-term 
weathering . 

METHODS 

The study sites are named Skv [SkAnes Varsja), 
GA (Girdsjön), Ma (Masbyn), Ha (Hässlen), Ri 
(Risfallet), Ku (Kullarna) and Sv (Svartberget). 
They were chosen partly because they represent a 
variety of different site conditions (Table 1) and 
partly because their base-cation balances are being 
studied in restricted catchment areas or by 
lysimeter investigations. All of them are located 
on sandy loamy till composed of predominantly 
archaean acid bedrock material. The tills were 
deposited above the highest stand of the sea and 
were consequently not redeposited through the ac- 
tion of waves. No stratifications in grain size dis- 
tribution or mineralogical composition occurred. 

Temperature sums (threshold value + 5°C) were 
calculated from the latitudinal and altitudinal po- 
sitions of the sites according to Odin et al. (1983) 
The values were between 940" at the coldest and 
about 1520" at the varmest site (Table 1). The sum 
of Ca and Mg concentrations in soil material < 2 
mm in C horizons (80-150 cm) were in the range 
from 1.5 to 2.3 % (Table 1). The grain size distri- 
butions were fairly equal and characterized by a 
low clay content amounting to 2-3 %. One ex- 
ception, however, is the site named Hä with about 
9 070 clay. The soils were characterized as Orthic 
Podzols except for the site Sv which was a Gleyic 
Podzol and the site Hä which was a Dystric Cam- 
bisol (FAO-Unesco, 1974). 

At each one of the studied sites 2 or 3 pcdons 
were sampled at about 10 different levels to a depth 

of about 1.5m. From each horizon in each pedon 
4 volumetric samples were taken and put together 
into a composite sample which was analyzed. Base 
mineral index was determined according to Tamm 
(1934). Total contents of major and trace elements 
in soil mineral material < 2 mm were analyzed by 
multielementar ICP analysis. Before analysis, the 
sarnples were ignited during 1 hour at 900°C m 
order to oxidize organic matter and ground in an 
agate mortar. 

The surnmarized losses of soil material as weli 
as of some elements were quantified from the pres- 
ent geochemical composition of the different 
horizons. The quantifications were based on the 
following two assumptions: 

- The original concentrations (immediately af- 
ter deglaciation) of the studied elements in each 
one of the sampled horizons were equal to the 
present concentrations in C horizons. 

- Zr does rnainly occur as the mineral zircon 
(ZrSiO,), which is resistent to weathcring 
(Schutzel et al., 1963). Zr is consequently con- 
sidered to have a low mobility and t~ remain 
in the pedon during weathering. The present 
amount of Zr in a given section of the pedon 
is by this reason approximately equal to that 
immediately after the last deglaciation. On the 
other hand the concerrtration has increased due 
to weathering losses of less resistent material. 
Knowledge of present concentrations and the 

Table 1. Location and properties of studied sites 

Skv GB Ma Hti Ri Ku Sv 

Latitude, ON 56.4 58.2 59.9 60.3 60.3 62.1 64.4 
Altitude,ma.s.l. 135 125 335 220 220 390 290 
Age, yrs x 1000 12 12 9.7 9.5 9.5 9 8.8 
Ca+Mg, % 
(C horizon) 1.27 2.23 1.15 2.21 1.50 1.71 1.75 
Base mineral index 6.5 14.0 8.7 11.6 11.1 8.9 8.9 



Geological Survey of Finland, Special Paper 9 
Determination of weathering rates based on geochemical properties of the soi1 

present amounts of Zr in A, E, B and C Xw : Present amount of the element X, g/m2, in 
horizons enabled calculations of losses of soi1 the weathered part of the soil. 
material and elements according to the foiiow- 
ing formulas: Weathering can be calculated from weathering 

losses according to the following formula: 
(1) W1 = (100 x Zrw/Zrc) - Ww 

W1 : loss of soil material < 2  mm, g/m2, in the 
weathered part of the soil (= the horizons 
in which Zr concentrations are raised in re- 
lation to the C horizon). 

Ww : present amount of soil material <2  mm, 
g/m2, in the weathered part of the soil. 

Zrw : present amount Zr, g/m2, in the weathered 
part of the soil. 

Zrc : concentration of Zr, % of soil material < 2 
mm in the weathered part of the soil. 

X1 : Loss of the element X, g/m2. 
Xc : Concentration of the element X, % of soil 

material < 2 mm in C horizon. 

(3) Weathering = loss + new formation - atmo- 
spheric deposition 

New formations refer to the processes resulting 
in reprecipitation of new minerals. By these 
processes some ions such as Fe, Al and P will to 
some extent be immobilized after weathering re- 
lease and only partially leached. 

The amounts of atmospheric deposition and new 
formation are quantitatively relatively low, at least 
as regards Ca, Mg, K and Na, compared to the 
calculated losses. Besides, they counteract each 
other when calculating the weathering according 
to formula 3. Long-term weathering of some ele- 
ments could by this reason be regarded as approx- 
imately equal to the losses. 

RESULTS 

Zr concentrations in C horizon showed a vari- concentration in the C horizons, decreased from 
ation from 200 to 400 ppm between the studied an average of about 150 '70 in the upper part of 
sites (Fig. 1). In tlie upper part of the soil the con- the soil to 100 % set in C horizons. The variation 
centrations were in the range between 250-650 between the studied sites was large, indicating 
ppm. The relative Zr concentrations, i.e. the con- different weathering rates. The depth of the 
centration in individual horizons in per cent of the weathered part of the soil, that is the horizons in 

Ah E,A Bsl,Bh,B/A Bs2 Bs3 C 

Fig. 1. Concentration of Zr (pprn) in soil material < 2 mm in different soil horizons. Seven studied sites in different regions 
in Sweden. 
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0 
Ma Ku Sv R i  Ha G a  S kv 

rig. 2. Depth of weathering. Skv = SkAnes Yiksji), Oa = Ghdsjön, Ma = Masbyn, Ha = Hiisslen, Ri = Risfallet, Ku = Kuilarna, Sv = Svartberget 

which the relative Zr concentrations were higher Total losses of soil material since deglaciation 
than 100 %, showed a variation between 20 cm amounted to an average of 20 to 240 kg/m2. 
and 100 cm (Fig. 2). Standard deviations were in general about 10 to 

M a  Ku Sv R i Ha Gå SkV 
Fig. 3 .  Average weathering losses, mg/m2 x yr, in soil mineral material < 2  mm. 
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20 kg/m2. At two of the studied sites (Skv and in redox potentials. The weight losses of materia1 
Sv), standards deviations were substantialiy higher. corresponded approximately to 20-200 mm thick- 
This was probably depending on large variations ness of soil layer. The annual losses of soil mate- 
in the levels of ground water table and differences rial since deglaciation were in average 2 to 20 g/ 

me Ca/m2*yr 

Fig. 5 .  Correlation between Mg weathering losses and site factors expressed as the product of temperature sum and concentration of Mg 
in C horizon. Y =35.4X-9.33, r =0.96. 
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Fig. 4. Correlation between Ca weathering losses and site factors expressed as the product of temperature sum and concentration of Ca 
in C horizon. Y =13.SX-7.32, r=0.95. 
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temp.sum ("C) * conc.(%) * 10-3 
Fig. 6. Correlation between Na weathering losses and site factors expressed as the product of temperature sum and concentration of Na 
in C horizon. Y = 10.7X - 11.3, r = 0.84. 

temp.sum ( O C )  

Fig. 7. Correlation between K weathering losses and site factors expressed as temperature sum. Y =0.021X- 16.9, r=0.82 
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Fig. 8. Estimated Mg weathering rates in the county of Ggvleborg. Based on 4109 Mg analyses in C horizons arranged by Terra Mining, 
Stockholm, and the County Administrative Board, Giivleborg. 

m2. Discrepancies between the studied sites are 
considered being due to a combination of different 
site properties such as climate and geochemistry. 

Lost amounts of Ca, Mg, K and Na (Fig. 3) were 
regarded as approximately equal to weathered 
amounts, by reasons mentioned above. The corre- 
lation between the losses of these elements and site 
properties were expressed as linear regressions 
(Figs. 4-7). The site factors being tested were tem- 
perature sums, base mineral index and geochemi- 
cal composition of the C horizons. For Ca, Mg 
and Na, the product of temperature sum and con- 
centration of the element in C horizon as indepen- 
dent variable gave the best correlation. As regards 

K, best correlation was achieved when using the 
temperature sum solely as independent variable. 
This is probably due to the main part of K occur- 
ring in weathering resistent K-feldspars. The small 
amounts of K in easily weatherable micas are not 
reflected by the total contents of K in soi1 mate- 
rial. It should be stressed that element concentra- 
tions gave a better correlation than base mineral 
index. The calculated weathering rates are slight 
overestimations because boulder frequencies are 
neglected. 

The positive correlations were high (0.82- 
0.96), particularly with respect to the simplified 
site parameters. The low number of studied sites 
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Fig. 9. Mg-balance in the county of Gavleborg (weathering + deposition-uptake-leaching). The calculation is based on 4109 Mg determina- 
tions in C horizons (Terra Mining, Stockholm and the County Administrative Board, Gavleborg), estimates of annual forest growth at 
896 plots (National Forest Survey) and measurements of biomass uptake, leaching and deposition of Mg (Rosén, 1982). 

did not permit the use of more detailed site descrip- 
tions in the regression. However, recent studies at 
additional sites are expected to give a more modu- 
lated picture of impact of a number of site fac- 
tors on weathering rates. 

In order to display the practical value of 
weathering estimates, the achieved Mg regression 
was used to assess Mg weathering and balances of 
exchangeable MgZ+ at till sites in the county of 
Gavleborg in central Sweden. The county is located 
approximately between the latitudes 60.5" and 
62.S0N and at altitudes from sea level up to about 
600 m a.s.1. The till was composed mainly of 

granites, gneisses and acid vulcanites. Greenstones 
and porphyries occurred in restricted areas. 

4109 analyses of Mg in C horizons were com- 
bined with the Mg weathering regression (Fig. 5) 
and 896 site data from the National Forest Sur- 
vey in Sweden. Determination of Mg concentra- 
tions was arranged by Terra Mining in Stockholm 
and the County Administrative Board in Gavle- 
borg. The results showed large variations in esti- 
mated Mg weathering rates (Fig. 8) which were 
mainly due to differences in till mineralogy but also 
to variations in temperature regimes. Determina- 
tion of Mg balances showed negative values for 
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about 70 % of the area of the county (Fig. 9). The 
calculations were based on a biomass net uptake 
of Mg amounting to 10 mg Mg/m3 biomass 
growth. Leaching and atmospheric deposition was 
estimated to 160 mg/m2 and 70 mg/m2, respec- 
tively (Rosén, 1982). The negative balances result 
in a successive depletion of the soil pool of ex- 
changeable Mg cations, acidification and eventual- 
ly a decline in forest production capacity. At some 
places the depletion rates were calculated to more 
than 100 mg Mg/m2 x yr, that is roughly at least 
3 times higher than the calculated weathering rates. 

It has to be stated that the determined Mg-bal- 
ances rnay not necessarily be completely true, al- 
though they clearly indicate an ongoing trend. It 
must also be stressed that the estimates of, for in- 
stance, biomass uptake and leaching are approxi- 
mations. Moreover, the estimates of forest growth 
referred to potential growth which rnay exceed the 
actual growth by 40 %. The aim was however to 
show realistic approximative values and to show 
a trend and a possible way to assess base cation 
balances over large regions. 

DISCUSSION 

The calculated weathering rates were expressed 
as annual average values. However, one rnay ob- 
ject to this because the term average weathering 
can lead to the results being interpreted as equal 
to present weathering rates. Therefore, it has to 
be stressed that weathering rates rnay have been 
fluctuating considerably after deglaciation due to 
changes in climate, vegetation and hydrology as 
well as to a successive chemical alteration of the 
soil material. One could find arguments for the 
present weathering being either larger or smaller 
than previous weathering rates. Jacks et al. (1989) 
estimated recent Ca weathering from Sr isotope 
ratios at Buskbäcken, Masbyn, and at Kullarna 
to 150 and 480 mg/m2 x yr respectively. Calcula- 
tions in this report, based on Zr as internal Stan- 
dard, gave 70 and 150 mg/m2 respectively. The 
studied sites were not quite similar or compara- 
ble to those analyzed by Jacks, op.cit . At least at 
Masbyn, Jacks values refer to a somewhat lower 
altitude with a higher temperature sum. When the 
Ca weathering regression (Fig. 4) was used for a 
recalculation with respect to the higher tempera- 
ture sum, the average Ca weathenng was estimated 
to 145 mg/m2 x yr. In conclusion, the difference 
between this method and Jack's method (op. cit.) 
was not large. 

Though some discrepancies rnay exist between 
present and historical long-term weathering the lat- 
ter has some advantages. In the short run, weather- 
ing rates rnay be affected by temporary climatic 
conditions, as well as by changes in plant cover 
and human practices. In general, the pool of ex- 
changeable base cations in Scandinavian forest 
soils is considerably larger than the annual 
weathering release of base cations. Consequent- 
ly, the base-cation pool is not depending on 
weathering rates during one or a few years but on 
weathering rates during decades or even centuries. 
The determination of historical weathering rates 
enables a comparison of different sites at least in 
terms of relative values. In addition, no other 
method for field determination of weathering 
rates, except for Ca, is hardly available for the 
present. 

This method for estimation of historical 
weathering rate needs further improvement, for 
instance regarding the number of studied sites and 
the range of site properties. It has also to be cor- 
related to other kinds of weathering estimates 
(Jacks et al., 1989 and Åberg et al., 1989) and 
mathematical simulation (Sverdrup & Warfvinge, 
1988). 
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THE TRANSPORT OF TILL IN SOUTHERN 'FINLAND 

by 
Marjatta Perttunen 

Perttunen, Marjatta 1991. The transport of till in southern Finland. Geo- 
logical Survey of Finland, Special Paper 9. 79-86, 10 figures. 

The lithology of till was investigated in five grain-size fractions mea- 
suring between 20 cm and 0.2 mm in the Hämeenlinna area of southern 
Finland. The transport distances of the till were studied by comparing the 
rocks contained in the till with the known underlying bedrock. 

The transport distances of the till were measured as half-distance values 
according to the negative exponential function presented by Krumbein 
(1937). In the case of the granitic rocks, the transport distances were shorter 
in the 20 to 2 cm fractions than in the gravel fractions (2 cm-6 mm, 6-2 
mm), and shorter in the gravel fractions than in the sand fractions (2-0.6 
mm, 0.6-0.2 mm). For the metavolcanic rocks, the half-distances were 
the same in the sand fractions and coarser fractions, because these rocks 
are more resistant to comminution when they occur as bigger fragments. 
The average half-distance value for the granitic rocks was 3.7 km and for 
the metavolcanic rocks 5.6 km. 

The main minerals of tiii were investigated in three grain-size fractions 
measuring between 0.2 mm and 0.006 mm. The most abundant mineral 
in the till matrix is quartz (32-41 %). Other common minerals are 
plagioclase, potash feldspar and hornblende. 

The surficial deposits, of which tili is the main component, are the source 
of the soil. Weathering and chemical processes change the original min- 
erai composition, producing the podsol that supports trees and plants. 

Key words: glacial geology, till, rocks, mineral composition, glacial 
transport, Quaternary, Hlmeenlinna, Finland 

Marjatta Perttunen, Geological Survey of Finland, SF-02150 Espoo, Fin- 
land 

INTRODUCTION 

In Finland the overburden consists of Quater- 
nary surficial deposits and the bedrock predomi- 
nantly of crystalline Precambrian rocks. 

Tili, which is the dorninant surficial deposit, was 
mainly formed during the last, Weichselian glaci- 
ation. The materia1 eroded by the ice sheet, has 
been transported subglacially, englacially or 
supraglacially and deposited directly by and un- 
der the glacier. It is composed of fresh bedrock 
and, to a lesser extent, of weathered bedrock. 
Notable arnounts of weathered bedrock occur over 

large areas in Lapland. In lesser arnount the till 
contains older sediments intermixed. 

Till is a varied mixture of boulders, gravel, sand, 
silt and clay. Gravel and sand tills (Virkkala 1969a) 
are most common in Finland due to the coarse- 
grained crystalline rocks. The clay content is low, 
ranging from 3 to 5 % of the till, but in some cases 
approaching 10 %. 

Most till in Finland occurs as ground moraine 
less than five metres thick and lying directly on 
the bedrock (Fig. 1). Till also occurs as moraine 
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I 

Ground moraine 

Bedrock 

Fig. 1. A section showing the occurrence of moraines (modified after Flint, 1961)- A thin till cover of ground moraine terrain is controlled 
by bedrock topography. Moraine ridges and hummocks consist of thick till deposits without bedrock topographical control. 

ridges and hummocks, without topographical con- ied by comparing the rocks contained in the till 
trol, varying in thickness from several to tens of with the known underlying bedrock, which has 
metres. The glacial origin varies greatly for the served as the source of the till. Easiest to measure 
moraine ridges and hummocks. is the basal till, which has been transported sub- 

The transport distances of the till can be stud- glacially and occurs as ground moraine. 

TILL LITHOLOGY 

General 

A suitable area for the study was found in the 
vicinity of Hämeenlinna (Fig. 2, see Perttunen 
1977), where the till was sandy and gravelly with 
a clay content (< 0.002 mm) of 0.5-5.5 % (Figs. 
3 and 4). 

Samples were collected from the till at a depth 
of 0.5-1 m in the direction of the ice flow (from 
northwest to southeast). During its flow, the gla- 
cier crossed bedrock containing granitic, metavol- 
canic and some other rocks. The lithologic com- 
position of the till was investigated by stone 
counts: 200 clasts were counted in each sarnple and 
the rock type of each was identified. The samples 
were divided into five fractions: 20-2 cm, 2 c m 4  
mm, 6-2 mm, 2-0.6 mm and 0.6-0.2 mm. In 
the 2-0.6 mm fraction, rock fragments averaged 
86 % and in the 0.6-0.2 mm fraction 55 %, the 
other materia1 being monominerals. Only main 
rock types - granitic rocks and metavolcanic 
rocks - are discussed in this study. The mineral 
results are summarized. 

Fig. 2. The study area. 
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Fig. 3. Sandy till. The percentage of clay in the till in the area ranges from 0.5 Qo to 5.5 %. 

0.002 0.006 0.02 0.06 0.2 0.6 2 6 20mm 

Fig. 4. Grain-size analyses of selected till sampies. Numbers refer to sampling sites. Nos. 29 and 31 represent extreme grain-size distribu- 
tion values. 

Results 

Traverse 1 (Fig. 5) departs from a large area of till at sites 2 and 3 shows the influence of a small 
granitic bedrock. In the distal part of the area metavolcanic area. Down-glacier from the granitic 
(sampling site l), the till consists mainly of gra- bedrock area, at sampling sites 6-10, the propor- 
nitic rocks, and the frequency of these is higher tion of granitic rocks decreases with distance. At 
in the coarser than in the finer fractions. The sarne a distance of 4 km down-glacier, the proportion 
relationship is found at sampling sites 4 and 5. The of granitic rocks is greater in the Sand fractions 
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Fig. 5. The percentage of granitic rocks in five fractions of the till. 

Fig. 6. The percentage of metavolcanic rocks in five fractions of the till. 

rnicrocline granite rnetavolcanic rockc 
granitic rocks 

granodiorite other r o c k  



(2-0.6 mm and 0.6-0.2 mm) than in the coarser 
fractions. And at sampling site 10, 6 km down- 
glacier from the distal contact, the medium sand 
fraction contains 23.5 % granitic rocks, the coarse 
Sand fraction 21 %, the 6-2 mm fraction 14 %, 
the 2 cm-6 mm fraction 12 % and the coarsest 
fraction 20-2 cm 10 %. This decrease is a result 
of glacial comminution, by which the coarser frac- 
tions of the material are reduced into finer frac- 
tions. The comminution effect is also conspicu- 
ous at sampling sites 11 and 12 in the proximal 
part of the granitic bedrock area, where the fre- 
quency in the sand fractions approaches that in 
the coarse fractions. 

In the proximal part of the granitic bedrock area 
(sampling sites 11-1 3 ) the frequency of granitic 
rocks increases rapidly. Farther down-glacier the 
till consists mostly of local rocks. As shown at the 
last sampling site (No. 18), 22 km down-glacier 
from the proximal contact, the content of local 
material has risen to 92-96.5 % in the 20-2 cm, 
2 cm-6 mm and 6-2 mm fractions, to 77 % in 
the 2-0.6 mm fraction and to 62.5 % in the 
0.6-0.2 mm fraction. 

Geological Survey of Finland, Special Paper 9 
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Along traverse 1 (Fig. 6) there are only small 
areas of metavolcanic rocks, one of which is 1 km 
long and the other 4 km in the direction of ice flow. 
The smaller area has only a slight response in the 
till. The frequency of the metavolcanic rocks in- 
creases gradually from the proximal contact of the 
second metavolcanic bedrock area, until in the dis- 
ta1 part (sampling site 9 ) their content in the till 
is extremely high, almost 80 070 in the three coarser 
fractions 20-2 cm, 2 cm-6 mm and 6-2 mm. 
The content is still low in the sand fractions, being 
30 % in the 2-0.6 mm fraction and 17 % in the 
0.6-0.2 mm fraction. 

Two kilometres down-glacier from the distal 
contact, at sampling site 10, the content of 
metavolcanic rocks begins to decrease in the 
coarser fractions, though it is still about 54- 
64 %. In the sand fractions, by contrast, the con- 
tent has risen to about 35 % as a result of commi- 
nution. Thereafter, the frequency of the metavol- 
canic rocks systematically decreases with distance, 
with a few anomalies in the 20-2 cm and 6-2 
mm fractions. 

THE TRANSPORT OF TILL 

The transport distances of the till were inves- 
tigated by the application of a negative exponen- 
tial function. Krumbein (1937) showed that the fre- 
quencies of a rock type in till decrease with an in- 
crease in the distance of the distal contact from 
the rock and that the decrease obeys a negative 
exponential function. 

The half-distance value (x,,J is the distance at 
which the frequency of a rock type has been halved 
from what it was at the starting point (distal con- 
tact). The half-distance values were taken from dis- 
tribution lines drawn to a semilogarithmic scale 
in the fractions investigated (Figs. 7 and 8). 

The half-distance values of the granitic rocks 
show the transport distance to be shorter (2.7 km) 
in the 20 to 2 cm fractions than in the 2 cm- 
6 mm, 6-2 mm gravel fractions, where it is 3-3.1 
km (Fig. 9). Granitic rocks have travelled still far- 
ther in the sand fractions (2-0.6 mm, 0.6-0.2 
mm), where the half-distance values are 4.5 and 
5.1 km. 

Changes in the different size grades during gla- 
cial transport are not apparent for the metavol- 
canic rocks, which thus differ in distribution be- 
havior from the granitic rocks. In the fractions 
studied, the half-distance values for the metavol- 

canic rocks vary between 4.6 and 6.4 km (Fig. 9). 
The half-distance of the sand fraction is the same 
as that of the coarser fraction, because these rocks 
are more resistant to comminution when they are 
in the form of bigger fragments, as Virkkala 
(1969b) has likewise observed. As the fragments 
dirninish in size, the principal rnineral, hornblende, 
being less resistant than quartz, plagioclase and 
potassium feldspar (Goldich 1938), tends more 
readily to undergo comminution. 

Studies along a second traverse (traverse II, 
Perttunen 1977) yielded the same results as the 
Studies along traverse 1. Preglacial weathering 
products and older sediments were not found in 
the till and they are not found in situ in the area. 
The till in the studied area is of local origin. 

Dreimanis and Vagners (1965, 1969, 1971a, 
197 1 b, 1972) have concluded from investigations 
in Canada that the lithologic composition of till 
depends on the distance from the bedrock source 
area; the properties and size of the source rocks; 
the dynamics of the glacier, which includes both 
the nature of the glacial transport and the mode 
of deposition of the material; and the amount of 
older sediments. 



Geological Survey of Finland, Special Paper 9 
Marjatta Perttunen 

Fig. 7. Distribution lines 
of granitic rocks in five 
fractions of the till down- 
glacier from the distal con- 
tact. Semilogarithmic scale 
a = constant of lithologic 
nature, r = correlation CO- 
efficient. 

, . . .  
0 5 10 ' 15 20 25 km 

' 1 -  

Fig. 8. Distribution lines of metavolcanic rocks in five fractions of the till down-glacier from the distal contact. Semilogarithmic scale. 
a = constant of lithologic nature, r = correlation coefficient. 
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Metavolcanic rocks 

Fig. 9. Diagrams representing half-distance values (x,,J of granitic rocks and metavolcanic rocks 
calculated from distribution Iines. 

THE MAIN MINERALS IN THE TILL 

The main minerais of granite are quartz, potas- 
sium feldspar and plagioclase, while those of ba- 
sic volcanics are plagioclase and hornblende. The 
rninerais were studied in three fine fractions (0.2- 
0.06 mm, 0.06-0.02 mm, 0.02-0.006 mm). 

Quartz was found to be the most abundant 
rnineral(32-41 %), its proportion decreasing with 
the grain size. As a hard mineral resistant to 
weathering, it is enriched in the till compared with 
the bedrock. 

The quartz maximum occurs mostly in the 0.2- 

0.06 mm fraction (fine sand) (Fig. 10), the 
plagioclase maximum mostly in the 0.2-0.06 mm 
(fine sand) fraction and to some extent in the 
0.06-0.02 mm (coarse silt) fraction. The potas- 
sium feldspar is enriched in the 0.02-0.06 mm 
(coarse silt) and 0.02-0.006 mm fractions (me- 
dium silt), while the hornblende maximum occurs 
mainly in the 0.06-0.02 mm (coarse silt) fraction 
and in a few samples in the 0.02-0.006 mm (me- 
dium silt) fraction. 

Hornblende 2 - 2 
3 

:,;,$ ?:*$' ;</c <,;*,; ;,-<e :,22 <,22 <#-:\> :,?c 
'u 1s 4 8 17 ' 6 

5 10 15 20 25 30 33km 
Fmotioni 
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Fig. 10. hkimum concentrations of quartz, plagioclase, potassium feldspar and hornblende in differ- 
ent fractions along traverse 1. 

DISCUSSION 

Calculated as half-distance values, the transport varies between 2-6 km. The distance is shorter 
distance for Stones (2-20 cm) in southern Finland (1.2 to 2 km) in eastern Finland (Salminen 1980), 

85 
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and in the ice divide zone in Lapland it is only 1 
km (Hirvas et al. 1977). The transport distances 
of rocks reflect the glacial dynamics and the size 
of the bedrock source, and the till lithology the 
mixture of bedrock the glacier has passed over. 
Most of the till in Finland is predominantly com- 
posed of local bedrock. 

Comminution during the glacial transport gives 
rises, in addition to rocks, to the fine material (ma- 
trix) where minerals and trace elements occur. The 
transport distance for the trace elements is short- 
est in the matrix, shown by Salminen (1980) in his 
study in eastern Finland. 

The glaciofluvial deposits (eskers, deltas, and 

for the most part, Salpausselkä moraines) origi- 
nate from the till, which the glacial meltwaters and 
meltwater streams have washed and transported. 
The glaciofluvial sediments are stratified and 
coarse-grained. The fine material has been washed 
away. Because of their origin, transport distances 
are somewhat longer for glaciofluvial sediments 
(stones, gravel and sand) than for till (Virkkala 
1961, Perttunen 1989). 

The surficial deposits, of which till is the main 
component, are the source of the soil. Weather- 
ing and chemical processes change the original 
mineral composition, producing the podsol that 
supports trees and plants. 
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SOIL ACIDIFICATION IN THE NARUSKA REGION 
OF EASTERN FINNISH LAPLAND 
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Marja Liisa Räisänen and Eelis Pulkkinen 

Räisänen, Marja Liisa & Pulkkinen, Eelis, 1991. Soil acidification in the 
Naruska region of eastern F i i s h  Lapland. Geological Survey of Finland, 
Special Paper 9, 87-98, 9 figures and 1 table. 

The demonstration in 1988 of poor forest regeneration and damage to 
pine needles in the Naruska region in eastern Finnish Lapland led to the 
establishrnent of a program investigating soi1 acidification. The test sites 
were selected by the National Board of Forestry's, Ylikerni District, and 
the investigations were carried out by a geochernistry group within the 
Geological Survey of Finland. 

Parent till of the Naruska region was sampled at a density of 1 Sam- 
pling sitefi km2 during a nation-wide geochemical mapping program car- 
ried out by the Geological Survey of Finland. A total of 32 elements were 
analyzed by ICP after aqua regia extraction. Soil acidification in the test 
areas of Naruskajiirvi, Satsijwi and Sätsijoki was determined by the acid 
neutralizing capacity (ANC) method involving NH,NO, extraction and 
two acidic extractions. Soil pH was measured by extracting with dilute 
NH,NO,. The solubility of Al, Ca, Mg, K, Na in the three selective ex- 
tractions was measured by AAS. 

The tests revealed the till to be especially rich in Al but poor in base 
cations Mg and Ca. Soiis of sites exhibiting forest damage were more acidic 
than soils in other parts of Lapland. As a result, in soils of dieback forest 
the mobility of aluminum was increased, especially in the Al- and Fe-rich 
spodic horizons, and base cations had been leached out. 

Key words: environmental geology, soils, horizons, acidification, pH, 
buffers, aluminium, Naruska, Salla, Finland 

Marja Liisa RdisUnen, Geological Survey of Finland, P.O. Box 1237, 
SF-70701 Kuopio, Finland. 
Eelis Pulkkinen, Geological Survey of Finland, P.O. Box 77, SF-96101 
Rovaniemi, Finland. 

INTRODUCTION 

Forest damage in the Naruska region of east- 
ern Finnish Lapland was first confirrned in the Sät- 
sijärvi, Naruskajärvi and Satsijoki areas near the 
U.S.S.R. border in 1988 and 1989. Scots pines in 
these areas have lost their needles either partially 
or entirely. An area of four hectares at Satsijoki 
and an area of 0.5 hectares at Sätsijärvi display 
a total dieback of pine (Fig. 1). 

Estimates made in 1980 and 1987 suggest that 
the annual deposition of sulfur in eastern Lapland 
is 0.6-1.0 g/m2 (Ministry of the Environment 
1989). The nearest sources of sulfur emissions are 
the fertilizer and metal industries of the Kola 
Peninsula in the U.S.S.R. 

The purpose of our research was to investigate 
the sensitivity of soils to acidification and to mea- 
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sure the chemical changes in soi1 buffer capacity 
in the damaged areas. In mineral soils the increase 
in acidity is buffered by exchange reactions of base 
cations and alurninum. It is suggested that the solu- 
bility of toxic monomeric aluminum ions and 
hydroxides in acidifying reactions is controlled by 
the stability of the Al-hydroxy interlayers of clay 
minerals and Al-Fe-hydroxy complexes of the 
illuviated horizons (Lou et al. 1988; Olsson 1988; 
Räisänen 1989 and 1990). In this work we used 
the acid neutralizing capacity (ANC) method of 
analysis to measure the stability of buffer reactions 
and the mobility of base cations and aluminum 
(Räisänen 1989). 

GENERALGEOLOGY 

The bedrock of the Naruska region belongs to of granite gneiss, and feldspars and micas are the 
the oldest rock formations of the Fennoscandian main mineral constituents. Accordingly the nu- 
Shield (Fig. 2). The rocks are mostly composed trient status of soils in the region tends to be poor. 

Archean basement 
0 Archean granulite 

Karelian schists 
0 Plutonic rocks 

Naruska area 

Fig. 2. The study area Naruska is situated in an area of Archean 
rocks in eastern Finnish Lapland. The map has been compiled after 
Simonen (1980). 
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Fig. 3. Quaternary deposits of the Naruska area, compiled after Hirvas 
et al. (1972). 

Only minor parts of the bedrock are composed of 
ultramafic bodies with high concentrations of base 
cations. Some younger granitic intrusions occur 
in the Sorsatunturi area. 

The Naruska region is situated in the accumu- 
lation area of the Pleistocene glaciations. In an ac- 
cumulation area (or ice divide) glacial erosion is 
weak due to the low velocity of the basal ice (Boul- 
ton 1984). Consequently the glacial drift of the 
Naruska region contains abundant clay minerals 
of the preglacial weathering crust. Meltwaters of 
the last glaciation have sorted a considerable part 
of the surface of the drift into gravel and Sand 

(Fig. 3). Further the periglacial wind erosion has 
worked the surface of the ground into fine sand. 
Most of the areas of forest damage lie within or 
close to these sorted sediments with their charac- 
teristic high permeability. The overburden in the 
damaged areas of Naruskajarvi and Satsijärvi 
(small circle east of Satsivaara Hill in Fig. 3) is 
composed of stony sandy till, while that in the 
damaged area at Sätsijoki consists of glacioflu- 
vial and fluvial Sand alongside the Satsijoki river 
(Fig. 3). The adjacent area at Satsijoki is till 
covered. 

SULFUR DEPOSITION IN THE STUDY AREA 

Forest damage in eastern Finnish Lapland was since June 18, 1989, by the Botany Department 
first confirmed in 1988 and 1989 in the Sätsijarvi, of University of Oulu. The results are given as 
Naruskajarvi and Satsijoki areas. The annual sul- mean values of ten days. To date, sulfur concen- 
fur deposition in eastern Lapland in 1980 and 1987 tration in the air has been varying from 0.5 to 19.0 
has been estimated at 0.6-1.0 g/m2 (Ministry of ug/m3 (Sirkku Manninen 1990, personal commu- 
the Environment 1989). Sulfur concentration in nication). 
the air has been measured in the Naruska region 

SAMPLING 

The Naruska region is included in the nation- from the parent till at a depth of 1-2 m and sam- 
wide geochemical mapping program of the Geo- pling density was 1 sampling site/4 km2. Test 
logical Survey of Finland. Sarnpling was done sites for profile sampling were selected by the 
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Ylikemi District of the National Board of Forest- sivaara Hill (Fig. 3). In the Satsijoki area five sam- 
ry. Sampling was done by a geochemistry group pling sites were in the dieback forest area and five 
from the Geological Survey of Finland in summer in the area of partial needle loss. Each of the 
1989. Eleven of the sampling sites were located in podzol layers (A = eluvial, B = illuvial, B + C = 

the partly damaged forest area at Naruskajarvi partly illuviated, C = parent soil material) was sarn- 
near the Naruskajoki river, 5 km south of Narus- pled from trenches (Naruskajärvi) or with a spade 
kajarvi lake, and two were in the dieback forest drill (Sätsijarvi, Satsijoki). 
area at Sätsijarvi on the northeastern side of Sat- 

CHEMICAL ANALYSIS 

In the geochemical mapping till samples were 
sieved and the ~ 0 . 0 6  mm fraction was prepared 
for analysis. In total, 32 elements were analyzed 
after aqua regia digestion by inductively coupled 
plasma spectrometry (ICP). 

The stage of acidification and the cation (Ca, 
Mg, K, Na, Al) mobility in buffer reactions were 
determined by the acid neutralizing capacity 
(ANC) method modified after Wyatt (1984) (Rai- 
sanen 1987). The sieved fraction < 0.5 mm was 
prepared for the ANC determination. The ANC 
method is based on three types of extractions: a 
0.025 M NH4N03 extraction and two acidic ex- 

tractions ANC ,,,,, and ANC,,, 3-2.4, where the 
index refers to the pH of the NH,NO, solution 
after the addition of 0.1 N H,SO, solution. Base 
cations (Ca, Mg, K, Na) and aluminum (Al) were 
determined by atomic absorption spectrophotom- 
etry (AAS). The soil pH was measured as the pH 
of the NH4N03 supernatant. 

Concentrations of the cations extracted with the 
dilute salt solution represent the water-soluble 
and exchangeable fraction, and concentrations ex- 
tracted with the acidified salt solutions provide a 
measure of the stability and mobility of buffer- 
ing elernents in acidifying reactions. 

RESULTS AND DISCUSSIONS 

The results of the geochemical mapping show trations (in yellow and green) correspond to the 
that Al concentration in till in the Naruska region highest values. The maximum concentrations of 
is high (Fig. 4). The maximum concentrations, Mg, from 0.7 % to 0.9 % (Fig. 5), correspond to 
from 2.6 % to 3.0 % (in red), exceed the highest the medium values in central Lapland. By contrast, 
values in central Lapland and the medium concen- calcium content in the Naruska region is excep- 

1 Geochemical Map 
Sbeet 4713 

Naruoka 

Interpolated ppm 

Fig. 4. Aluminum in till. Sampling density 1 sampling site per 4 km2. 
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Geochernical. Map 
Sheei  4713 / 1 I a r u s k i  1 

Fig. 5. Magnesium in till. Sampling density 1 sampling site per 4 km2 

Geachdmicel Map 
Shee l  4113 

Naruska 

RacUon .: 0 MIL mm 
DUnUan Ulua Kw. 
A"i1Wi lcv 

Fig. 6 .  Calcium in t a .  Sampling density 1 sampling site per 4 km2 

Table 1. The variation of pH (0.025 M NH,NO,) values in the eluvial (A), illwial (3) and weakly 
illuviated (B+ C) horizons of podzolized till and in the underlying parent till (C) layer. 

- 

NaruskajaM Satsijiirvi Satsijoki 
PH (NHANO,) PH wH4NO3) PH (NH4N03) 

horizons of podzolized mineral soil: 
A = eluviai, B = iiluvial, B + C = weakly illuviated, C = parent mineral soil 

tionally low (Fig. 6) .  Even the highest concentra- the Satsivaara and Satsijoki areas are exceptionally 
tions, from 0.12 % to 0.15 %, are lower than the poor in both Al and the base cations. 
minimum values of till in central Lapland. The The pH values varied markedly down the pro- 
Naruskajärvi area is situated in an area of high file, but also from one site to the next, despite the 
Al and medium Mg and Ca concentrations, while dense sampling grid (Table 1). The lowest pH 
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o) A horizon 

2 ,  b) B horizon 

c) B+C horizon 



d) C horizon (50-60 cm) 
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Fig. 7. The soi1 pH, the water-soluble and exchangeable base cations (Ca,Mg, K, Na) and aluminum (Al) in pod- 
zolized till layers in the test areas of Naruskajärvi and Sätsijärvi: (a) eluvial (A) horizon, (b) illuvial (B) horizon, 
(c) weakly illuviated (B+ C) horizon and (d) parent till (C) horizon. 

values were measured for eluvial horizons (A) of 3.6 to 4.2 with the highest values found in pod- 
the podzolized till in Sätsijarvi and Naruskajarvi. zols of basic volcanite areas. The pH range in the 
According to the earlier studies of Räisänen (1989), lower podzol horizons in the Naruska region was 
the pH values in A horizons in podzolized till pro- approximately equal to that of podzols in other 
files of western and central Lapland vary with the parts of Lapland. Thus, only in the eluvial hori- 

a) A horizon 

I 1 
0 forest with 

portiol needle 
loss 

+ diebock forest 
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b) B horizon 
r I 

0 forest with + diebock forest 
partio1 needle 
IOSS 

r 

c) B+C horizon 
I I 

0 forest with + diebock forest 
portiol needle 
loss 

d) C horizon (60-70 cm) 

0 forest with + dicbock forest 
portiol needle 1 

Fig. 8. The soi1 pH, water-soluble and exchangeable base cations and aluminum in the podzolized sand layers 
in the test area of Satsijoki. Explanations in Fig. 7.  
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0) podzolized tili, A horizon 
(Norusko- ond Sdtsijdrvi) 

b) podzolized sond, A horizon 
(Sdtsijoki) 

0 forest with 
portiol 
needle 

+ diebock 
forest 

- 
0 2 4 6 

Al meq/100g 
ANCpH2.3- 2.4 extroction 

0 2 4 6 
Al meq/100g 

ANCpH2.3-2.4 extroction 

C) podzolized till, B horizon 
(Norusko- ond Sdtsijdrvi) 

d) podzolized sond, B horizon 
(Sdtsijoki) 

0 forest with 
port iol 
needle 

+ diebock 
forest 

* * *** * 
0 I 

0 2 4 6 
Al meq/100g 

ANCpH2.3-2.4 extroction 

0 2 4 6 
Al meq/ 1 009 

ANCpH2.3-2.4 extroction 

e) odzolized till, B+C horizon 
[~onsko- ond Sdtsijdrvi) 

f) podzolized till, B+C horizon 
(Sdtsijoki) 

0 forest wi th  
portiol 
needle 

+ dieback 
fuest 

Al meq/ 1 00g 
ANCpH2.3-2.4 extroction 

Al meq/ 1 009 
ANCpH2.3-2.4 extroction 
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g) podzolized till, C horizon 
(Naruskajarvi) 

r 
h) podzolized sond, C horizon 

(Sdtsijoki) 

I 0 forest with 
portiol 
needle 

+ diebock 
forest 

*#* * 
0 ' 0 

, , 
I 

0 2 4 6 0 2 4 6 
Al meq/100g Al meq/100g 

ANCpH2.3- 2.4 extroction ANCpH2.3-2.4 extroction 

Fig. 9. The solubility of Al in the buffering reactions activated by the simulated acid load of the ANC analysis in podzolized 
till horizons of the Naruskajarvi and Satsijarvi areas (a, c, e, g) and in podzolized sand horizons of Satsijoki (b, d, f ,  h). Expla- 
nations for ANC extractions are described in the text. 

zon and occasionally in the illuvial horizon was 
the soil pH lower than in corresponding horizons 
elsewhere in Lapland. 

The concentration of water-soluble and ex- 
changeable base cations (Ca, Mg, K, Na) was very 
low in every mineral soil horizon of the Narus- 
kajarvi, Satsijarvi and Satsijoki areas, but the 
concentration of Al varied widely (Figs. 7-9). At 
Satsijoki, base cations have leached extensively 
from podzols of the dieback forest area compared 
with the forest area with partial needle loss (Fig. 
8). The amount of soluble base cations mainly de- 
pends on the content of organic matter in mineral 
horizons (Bache 1985). In all three study areas the 
humus horizon was either lacking (especially at 
Satsijoki) or was very thin. Sandy till and fluvial 
sand of these areas also seem to have a low clay 
content with only small amounts of exchangeable 
clay minerals (see maps of Ca and Mg in Figs. 5 
and 6) (see also Räisänen 1990). 

The highest content of exchangeable Al was 
measured in the B + C and C horizons and occa- 
sionally in the B horizons at the Naruskajarvi, Sat- 
sijärvi and Satsijoki test sites (Figs. 7-9). Alu- 
minum takes a more active part in the buffering 
reactions of podzolized till than in those of pod- 
zolized sand (Fig. 9). Consequently, Al solubility 
in the exchangeable phase of the B + C horizon has 

increased more in the till soils of Naruskajarvi and 
Satsijarvi than in the fluvial sandy soils of the Sät- 
sijoki dieback forest or its surrounding soils (Figs. 
7-8). The mobility of Al in the study region was 
increased markedly in soils with a diminutive hu- 
mus horizon and soils with a very thin lichen layer. 
Moreover, the upper level of the B + C horizon was 
measured to lie only 10 to 20 cm below the bound- 
ary between the humus and eluvial horizon. Thus, 
acidic soil waters percolating downwards reach the 
Al-rich B + C horizon quicker than in normal pod- 
zols with thicker humus and eluvial or illuvial 
horizons. 

The soluble form of Al measured in the B + C 
and C horizons underlying the dark-colored B 
horizon was very labile in sarnples subjected to the 
salt and acidic ANC procedures. Aluminum tended 
to precipitate with soluble iron hydroxides or solu- 
ble silicon compounds immediately after filtering, 
even in extractions where the ratio of soil to solu- 
tion was 1:20; this occurred in both the NH,NO, 
and ANC extractions. The average soil pH in these 
horizons varied between 4.5 and 5.0 (lowest values 
in Satsijärvi, Table 1) and the pH of supernatants 
after acidic ANC extractions did not fall below the 
values of 4.1-4.2. We suggest that the soluble Al 
is being remobilized by the acidifying reactions cur- 
rently taking place in soils. 
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CONCLUSIONS 

In natural podzolizing processes the leachable 
Al from the eluvial horizon tends to stabilize in 
Fe0,-Si02-hydroxy precipitates and clay minerais 
of the illuvial horizon and the underlying B + C 
horizon in the long term (Farmer et al. 1980). In 
general, aluminum precipitates as a polyrneric 
hydroxide with iron and silicon and/or organic 
complexes when soil pH is over 4.5 (Rich 1968; 
Bache 1986). At that pH level the Al-hydroxy in- 
terlayers and the majority of Al-Fe-Si precipitates 
are stabile (Rich 1968). According to Jackson 
(1963), however, the increased acidity (protons) 
reduces the stability of Al hydroxides leading to 
an elevated solubiiity of exchangeable Al. 

In areas of high acid deposition the increased 
mobility of Al in both A and B or in B and B + C 
horizons is foiiowed by lowered pH values (Räisä- 
nen 1989). In the Naruska region, however, the 
pH of the lower podzol horizons with high con- 
tent of mobile Al has not yet decreased. Accord- 
ing to Räisänen (1989), the Al content of lower 
podzol horizons was low when pH values were 4.5 
to 5.0 in western and central Lapland and in the 
background of industrial areas in eastern Finland. 
The simultaneous presence of mobile Al and high 
pH values in the Naruska region is a temporary 

phenomenon caused by the increasing acidity of 
the percolating soil waters. The sandy soils in the 
region, lacking a humus layer, are highly pervious 
to rain water. The siightly acidic water flows rapid- 
ly down to the lower podzol layers and remobi- 
lizes Al-saturated compounds of the B and B + C 
horizons in buffering reactions. 

The buffering capacity of the shallow humus 
and lichen layer (0-2 cm) in the damaged forest 
areas was obviously insignificant . Only sporadi- 
cally there were a thicker humus horizon (3-5 
cm). Roots of trees were mainly lodged in min- 
erai soil layers. Because of the low contents of base 
cations in the region, aluminum buffering in 
rnineral soil horizons is the main process available 
to neutralize acid loads. The estimated acid load 
in Naruska (Manninen 1990, personai communi- 
cation) is not as high as in the vicinity of indus- 
trial areas where the acidification in the upper pod- 
zol layers has increased more rapidly than in east- 
ern Lapland (Räisänen 1989 and 1990). Accord- 
ing to the results of geochemical mapping, the high 
content of Al- and Fe-rich regolith in eastern 
Lapland makes the till more sensitive to acidifi- 
cation than that in other parts of Lapland, even 
at low levels of acid deposition. 
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SOIL FORMATION AND FERTILITY ALONG A 5000 YEAR 
CHRONOSEQUENCE 

by 
Michael R. Starr 

Starr, Michael R., 1991. Soil formation and fertiiity along a 5000 year 
chronosequence. Geological Survey of Finland, Special Paper 9. 99-1 04, 
3 figures and one table. 

Some results concerning soil formation in Central Ostrobothnia are 
presented. Soil was sampled and described at 11 sites along a 27 km 
chronosequence laid out on sorted beach sand derived from an esker. The 
time since each site emerged from the sea due to land uplift and exposed 
to soil formation processes (podzolisation) was calculated from its eleva- 
tion above present sea level(3-65 m) and the rate of uplift (8-9 mm/yr). 
This gave ages ranging from 339 to 5276 B.P. An index of podzolisation, 
based on the difference in dithionite extractable Fe and colour between 
the E and B horizons and the thickness of the E horizon, was used to 
describe the degree of podzol development. The youngest profile was not 
podzolised, but the next (1019 B.P.) and all subsequent profiles were. Pod- 
zolisation was rapid during the first 2500 years but thereafter there was 
little further development. Acid ammonium acetate extractable P concen- 
trations in the 0-30 cm mineral soil layer tended to increase with increasing 
soil age and degree of podzolisation while K and Ca concentrations and 
pH initially decreased before increasing. 

Key words: soil pedogenesis, podzolization, fertility, chemical properties, 
uplifts, Holocene, Lohtaja, Finland 

Michael R. Starr, Department of Soil Science, Finnish Forest Research 
Institute, P.O. Box 18, SF-01301 Vantaa, Finland 

INTRODUCTION 

Aaltonen (1940, 1952) classified the soils around 
the coast of Finland, including Ostrobothnia, as 
"young" and used the highest shoreline of the an- 
cient Littorina Sea to delimit them. They are the 
l ~ a s t  weathered and leached soils in Finland. The 
highest Littorina shoreline occurred about 6500 
B.P. and is rather well defined in Finland (Alho- 
nen 1979, Eronen 1983). Since then the shoreline 
has progressively retreated seaward as a result of 
isostatic land uplift (Kääriäinen 1953, Eronen 
1983), exposing land to soil formation processes. 
Consequently a chronosequence of soil develop- 

ment is found. The youngest soils, nearest the sea, 
are the least developed, showing no horizons. 
Moving inland and to higher elevations there is an 
increasing degree of development, i.e. horizon 
differentiation. Given sufficient time and favour- 
able conditions, the type of soil that typically de- 
velops is a podzol. 

Podzols are characterized by an ash grey E ho- 
rizon (FAO nomenclature) and an underlying red- 
dish B horizon. The colour difference is due to the 
distribution of Fe hydrous oxides. Reddish Fe3+ 
oxides, together with colorless Al oxides, are 
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formed during the weathering of primary minerals In this paper 1 present some data concerned with 
in the surface soil and are eluviated down the the rate of podzolization and its relationship to 
profile in combination with humic compounds, soil nutrient fertility along a chronosequence. The 
derived from the developing humus layer, to form material is part of a project that was carried out 
the E horizon. At depth, the Fe and Al oxides and within the Finnish Forest Research Institute to in- 
humic complexes precipitate, and accumulate to vestigate problems of soi1 fertility in young, coasfd 
form the illuviated B horizon. The B horizon soils. 
passes into relatively unchanged parent material, 
the C horizon, at depth. 

MATERIAL AND METHODS 

The chronosequence 

In 1981 a 27 km long transect was delineated 
in the Lohtaja-Himanka-Kannus area of Cen- 
tral Ostrobothnia (Fig. 1). The transect ran inland 
from the shore, perpendicular to the gentle slope, 
over sorted beach Sand material (mean particle size 
0.3 mm) derived from an adjacent, dispersed and 
largely buried esker to the north of the transect. 
The soil parent material is considered homogene- 
ous. Eleven sarnpling points were located along the 

transect forming a chronosequence. In selecting 
the sites, obvious hollows were avoided while flat 
sites, including the tops of beach ridges, were 
preferentially chosen. All the sites were forested; 
Scots pine being the dominate species. By selecting 
sand as the soil parent material and sites domi- 
nated by vertical drainage, conditions for podzoli- 
zation were expected to be optimal and the effect 
on soil development of soil formation factors other 
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Fig. 1. Location of ehronosequence and sample sites 
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than time (Le. climatic, biotic, relief, and parent vation of the sample sites was estimated from 
material) minimized. 1:20 000 Basic Maps to an accuracy of 0.5 m. 

The year in which each of the eleven points Values for the present rate of land uplift (0.86 
emerged from the sea was estimated using the m/100 yr) and the decrease in this rate up until 
'reference curve of uplift' method described by the present (1.41 %/100 yr) were the same as those 
Okko (1967). Data on the present elevation above used by Jauhiainen (1973). Estimated ages ranged 
sea level and rate of land uplift, and the decrease from 339 to 5276 years B.P. (Table 1). 
in the rate of land uplift are required. Present ele- 

Table 1. Present elevation and estimated time since the surface appeared above sea level. 

Site 1 2 3 4 5 6 7 8 9 1 0 1 1  

Elevation, m a.s.1. 3 9.5 12 15 21 25 30 33 43 53 65 
Age, years B.P. 339 1019 1264 1548 2085 2425 2831 3066 3810 4502 5276 

Soil sampling and analysis 

At each site a 25 x 25 m plot was delineated and 
a soil pit was dug at the Centre. With the excep- 
tion of plot 1, where the ground water table was 
encountered at 38 cm depth, the pit was dug to 
about 1 m depth and included the C horizon. A 
soil profile description was made and a sample 
taken from each major horizon. An upper and 
lower B horizon sample were taken separately. As 
no horizons could be distinguished at plot 1, sam- 
ples were taken from the 0-12 and 12-35 cm 
layers. The chemical properties of these two layers 
are taken to correspond to the E and B horizons, 
respectively. In addition, soil samples were taken 
of the 0-10, 10-20 and 20-30 cm layers at ten 
random points located within each plot. 

All soil samples were air dried and the < 2 mm 
fraction saved for analysis. Analyses of the hori- 
zon samples included the following determina- 
tions: colour (Munsell Soil Color Charts, 1975 Edi- 
tion), particle size analysis, and dithionite extract- 
able Fe (Le. free, non-silicate Fe) after Avery and 
Bascomb (1974). Analyses of the fixed depth layer 
samples included: pH of a soi1:water suspension 
(1:2 v/v), and the determination of orthophos- 
phate P,  Ca and K concentrations from an acid 
@H 4.65) ammonium acetate extraction (Halonen 
et al. 1983). Orthophosphate P was determined 
colorimetrically using the Molybdenum blue 
method, and Ca and K by atomic absorption spec- 
troscopy. 

Relative Horizon Distinctness index 

A relative horizon distinctness (RHD) index 
(Bilzi & Ciolkosz 1977) was developed to quan- 
titatively describe the degree of podzolization at 
each site. Several versions of the RHD were evalu- 
ated; the one presented in this paper was calcu- 
lated as foliows. The dithionite Fe concentration 
in the E horizon was subtracted from the concen- 
tration in the upper part of the B horizon. This 
value was then standardized by dividing it by the 
highest such value from all the eleven profiles. A 
colour (rubification) index, based on the Colour 
Development Equivalent (CDE) of the E and B 
horizons was calculated (Buntley and Westin 
1965). First, the Hue code 10YR was given a value 
of 3 and 7.5YR a value of 4. This number was then 
multiplied by the Chroma value to give the CDE. 

For the colour RHD index, the CDE of the E ho- 
rizon was subtracted from that of the upper part 
of the B horizon, and then standardized by di- 
viding by the highest such difference from the 
eleven profiles. The thickness of the E horizon 
at each site was divided by the thickness of the 
thickest from the eleven profiles and used as a third 
standardized index. Information about the thick- 
ness of the B horizon was not used in the thick- 
ness index as the lower boundary of this horizon 
was difficult to determine. The thickness of the 
E horizon at plot 1 was taken to be zero. These 
three standardized indices were then summed for 
each profile to give a total RHD index with a 
maximum value of 3; the higher the RHD, the 
more the profile is podzolized. 
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RESULTS AND DISCUSSION 

All the profiles, except the first, were chemically 
and visually podzolic, i.e. it took between 339 and 
1019 years to develop a podzolic profile (Table 1). 
The distinction between E and B horizons at site 
2 was, however, weak and the first typical podzol 
profile was not observed until site 4 (1548 B.P.). 
This time span for podzol development is in agree- 
ment with that given in other comparable studies. 
For example, according to Tamm (1950), a visi- 
ble E horizon can develop in as little as 120 years 
but generally 1000 to 1500 years are required for 
the formation of a podzol profile. Aaltonen (1952) 
stated that 500 to 1000 years are required for visual 
podzol formation. In a study carried out at 
Kalajoki nearby the present study, Jauhiainen 
(1973) calculated that 200 to 300 years were re- 
quired for a chemically discernible podzolic pro- 
file to develop in sorted beach sand material, and 
a further 100 to 200 years were required for the 
podzolised profile to become visible. 

The relationship between the RHD index and 
its various components, and the estimated profile 
age are described in Figures 2a-d. According to 
the RHD, podzolisation developed rapidly during 
the first 2500 to 3000 years but thereafter there 
was little further development, at least in the time 

scale studied (Fig. 2d). This would indicate that 
an equilibrium between soil development and the 
soil formation factors has been reached for this 
soil parent material. The profiles at sites 6 (2425 
B.P.) and 8 (3066 B.P.) were the most podzolized 
(Fig. 2d), and had the highest B horizon dithionite 
Fe concentrations (Fig. 2a). Generally, the di- 
thionite Fe concentration (Fig. 2a) and redness of 
the B horizon (Fig. 2b) increased with time. The 
thickness of the E horizon at sites 8,9, 10 was thin- 
ner than could be expected (Fig. 2c). 

The relationship between estimated soil age and 
each of soil pH and acid ammonium acetate ex- 
tractable P ,  K and Ca averaged for the 0-30 cm 
layer are described in Figures 3a-d. Only phos- 
phorus showed an overall trend related to soil age 
(Fig. 3b). The increase in phosphorus contents with 
soil age is probably associated with increasing con- 
tents of Fe and Al oxides which fix and retain 
phosphate anions (Syers & Walker 1969). This 
phosphorus is difficulty available to plants but 
soluble in dilute acid extractants such as used in 
this study. Base cations in the soil are more mo- 
bile than phosphorus. The potassium and calcium 
extracted will be from cation exchangeable sources 
and easily available for plant uptake. Soi1 concen- 

CDE 

Thickness, cm 

Time, years B.P. 

RHD index 

Time, years B.P. 

01'' , -1 
0 2000 4000 6600 2000 4000 6dOO 

Time, years B.P. Time, years B.P. 
Fig. 2. Relationship between soi1 age and (a) dithionite extractable iron (Fe,), (b) colour development 
equivalent (CDE), (c) thickness of E horizon, and (d) relative horizon development (RDI) index. Letters 
refer to horizon and numbers to site. The curve in Fig. 2d is the fitted second order polynomial regres- 
sion (R2= 0.78). 
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Fig. 3. Relationship between soil age and (a) pH, and acid ammonium acetate extractable contents of 
(b) P, (c) K, and (d) Ca. Soi1 data are averaged for the 0-30 cm layer. 
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trations of these nutrients will therefore show less 
dependence on soil age and development but in- 
stead vary with stand development and nutrient 
cycling, and harvesting and fire histories, for ex- 
ample. The exact history of feliing and fire at the 
sites is unknown but stumps were observed at 
several sites and charcoal was found beneath the 
humus layer at all sites. Nevertheless, soil potas- 
sium (Fig. 3c) and calcium (Fig 3d) concentrations, 
as well as pH (Fig. 3a), did show a tendency to 
initially decrease with soil age and then increase 
again. 

The relatively high pH and potassium and cal- 
cium concentrations near the shore probably re- 
flect a marine influence, i.e. input of sea spray salts 
and a saline water table (Siira 1970; Clayton 1972). 
However, immediately beyond the zone affected 
by this marine influence, cations can be expected 
to be rapidly leached from the surface Sand where 
drainage is good and cation retention, as yet, poor- 
ly developed. Decalcification has been shown to 
be particularly rapid in such material. For exam- 
ple, Burges and Drover (1953) found no calcium 
carbonate beyond 200 m from a beach in N.S. W., 
Australia; a distance corresponding to about 200 
years. In the present study, carbonate contents 
were low ( ~ 0 . 3  %) in the samples from all sites 
(data not presented), indicating that decalcifica- 
tion of the marine carbonates had occurred prior 

1.2- 

.8- 

.4, 

to the beginning of the chronosequence. With in- 
creasing soil development, however, the cation ad- 
sorption capacity of the soil will increase leading 
to the retention of base cations and an increase 
in pH. It would appear that some 1000 years were 
required before such a retention of cations became 
effective (Fig. 3a, c and d). 

The chronosequence approach assumes that the 
emergent surface has neither been buried nor ex- 
cavated by subsequent wind action, and that the 
climatic and biotic soil formation factors have re- 
mained constant over time. Sand dunes are absent 
between the present shore dune system and the fos- 
sil systems which occur inland at above 80 m ele- 
vation, despite the presence of suitable material 
(Tikkanen 1981). The fossil dunes were formed 
during the pre-Boreal and Boreal periods (Le. be- 
fore 8000 B.P.). During the comparatively damper 
climates of the Atlantic and Sub-Boreal periods 
which followed, the exposed surface was quickly 
stabilized by vegetation and dune formation was 
thus limited. Eolian activity has taken place, how- 
ever, in the immediate coastal area during last few 
hundred years. 

It has been estimated that the large Laakainpera 
shore dune at Lohtaja has migrated 150 m inland 
during 1750-1970, but that it is now stationary 
(Alestalo 1971). Heikkinen and Tikkanen (1987) 
have postulated that the present day shore dunes 
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in the area only began to migrate inland during 
the early part of  the 19th century, probably 
prompted by forest fires. In conclusion, while the 
surfaces at sites 1 and 2 may have been altered to 
some extent by  eolian activity, most of  the sites 
along the chronosequence probably have not. The 
relationship between site elevation and age is there- 
fore considered reliable. 

Man, however, has had a strong impact on the 
forests and soils in the area during the last few hun- 
dred years (Appelroth 1987). Permanent settlement 

occurred along the present coastal area by the 16th 
century and shifting cultivation, livestock grazing, 
tar production, logging for pit props and sawlog 
timber have all been carried out. Therefore the ir- 
regularities in the characteristics of soil develop- 
ment and fertility observed along the chronose- 
quence are probably the result of interaction be- 
tween small variations in the particle size of the 
parent materia1 and topography, and differences 
in fire history and disturbance related to human 
activity. 
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METAL CONCENTRATIONS OF RUNOFF FROM MUNICIPAL 
SOLID WASTE LANDFILLS 

by 
Timo Assmuth, Helena Poutanen and Tapio Strandberg 

Assmuth, T., Poutanen, H. & Strandberg, T. 1991. Metal concentrations 
of runoff from municipal solid waste landfills. Geological Survey of Fin- 
land, Special Paper 9, 105-109, 4 figures and 4 tables. 

Within an ongoing research project assessing the environmental risks 
caused by hazardous wastes in landfills, surface runoff samples from 
21 municipal IandFiIls and additional waste samples were analyzed for metal 
concentrations and related constituents. 

The concentrations of heavy metals were mostly small even in rather 
undiluted leachate runoff. Occasionally limits for drinking water quality 
were exceeded. The dominant and often significantly correlated metals were 
Na, K, Ca+ Mg, Fe, Mn and Zn. There was considerable variation in runoff 
quality temporally and between different sites. 

Heavy metal loading from most municipal solid waste landfiiis was 
estimated to be insignificant in comparison with industrial discharges. The 
causes for heavy metai immobiihtion include sorption, complexation and 
formation of S-2 and other precipitates under anaerobic (and neutral) 
conditions. More marked leaching may result e.g. from heavy disposal and 
poor management of metal-containing sludges. 

Key words: environmental geology, landfills, solid waste, leaching, heavy 
metals, Finland. 

Timo Assmuth, National Board of Waters and Environment, Technical 
Research Office, P.O. Box 250, 00101 Helsinki, Finland. 

INTRODUCTION 

Within an ongoing research project assessing the concentrations and related features of municipal 
environmental risks caused by hazardous wastes solid waste landfills (MSWL's) estimated to con- 
in landfills, various disposal sites have been stud- tain hazardous wastes, with ernphasis on metals 
ied by physical, biological and chemical methods. in surface runoff (Fig. 1). 
In the following results are presented on the metal 
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0 Toxic waste accumulation 
o Ground water/perched water level 

=3/= Flux of water (showing uncertainty/hypothetical relative rate)  
ml)/ @ Flux of waterborne waste substances (hypothetical relative rate) 

Fig. 1. Schematic of fluxes of water and waterborne contaminants at a typical Finnish solid waste landfill. 

METHODS 

Landfill sites 

The study sites consisted of 21 MSWL's of vari- Table 1. Basic features of the study sites. 

able size, age, contents, use and environment (Ta- Feature Min. x Max. Freq. 
ble 1). Waste contents were mostly unknown. 

Present use 
- in operation 14 
- closed 
Fill period (yr) 39 21 
Fill area (ha) 41 21 
Technical level 
- poor 
- fair 
Main soi1 type 
- till 
- peat 
- sand/gravei 
- clay/mud 
Distance (m) to 
- main aquifer 60 1300 2000 21 
- housing 50 330 800 2 1 

Sampling and sample preparation 

Approximately 1-3 water samples/yr were - upstream creeks (background). 
taken by recommended methods at each site, Solid samples were taken with drills or excava- 
usually from the following locations: tors, composited, stored cold, dried at 75OC, sieved 
- relatively undiluted leachate runoff from (50 .5  mm) and extracted for metal analysis (1M 

ditches etc, NH,Ac, hot 7M HNO,). 
- downstream creeks (diluted leachate), 
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Analysis 

Metals were determined by graphite furnace or 
flame AAS. For water samples, standard methods 
(SFS 3017,3044,3047) were applied or modified. 
For solid samples, the Geological Survey of Fin- 
land laboratory practice was followed. 

Basic water quality variables were measured by 
standard methods. Samples with a high concen- 
tration of suspended solids were filtered prior to 
analysis with 0.35 pm paper. Solid samples were 
analyzed for pH (NH,NO,), dry residue and ig- 
nition loss by common methods. For quality con- 
trol, field blanks and replicates were analyzed in 
addition to normai laboratory standards and 
blanks. 

Further information on the study and analyti- 
cal methods can be found in Assmuth et al. (1989) 
and Poutanen (1989). 

Further downstream the mean values of Fe, Mn, 
Na, K and hardness were significantly lower (X2 
test), but the reduction could only partly be ex- 
plained by dilution. For heavy metals such differ- 
ence was noted only when comparing momentary 
pairs of runoff and downstream samples. 

Variations in concentrations between the land- 
fill sites were marked, partly due to sampling 10- 
cation. At five sites concentrations of Zn, Co, Cu 
and Pb frequently exceeded the average level. At 
1/3 of the sites runoff concentration maxima, 
mainly of Fe, Mn and Zn, exceeded drinking wa- 
ter norms. 

Other researchers have observed comparable 
metal concentrations in landfill runoff (Ehrig 1980, 
SNV 1983, Kailiokoski et al. 1987, Ettala et al. 
1988). 

Linear (Pearson) correlations were significant 
especially between Mn, Fe and Zn concentrations 
in runoff (Table 3). 

Table 3. Correlations (r) between some runoff metal concentrations. 
* -  -s~gnificant . at ps0.05, ** =ps0.01. 

(metal conc.) Cr Cu Fe Mn Zn Variable 

Cr 1 
Cu 0.19* 1 
Fe 0.21* 0.21" 1 
Mn 0.23** 0.25** 0.58** 1 
Zn -0.01 0.23** 0.65** 0.43** 1 

The metal concentrations with the flows display 
considerable temporal variation and so do flows 
(Fig. 2). 

Fig. 2. Example of temporal variation in some metal concentrations 
and flows of surface runoff from a municipal solid waste landfill. 

Loading calculations are as yet based on lim- 
ited data. Estimates suggest minor significance of 
MSWL's as metal sources to surface, as compared 
with industrial discharges for example (Table 4). 

Table 4. Metal loading estimates of some solid waste landfills and 
a metal refinery. 

Metal Estimated mean load (kg/yr) from 
- 

MSWL's Pesticide Metal refinery 
(2 sites, data industry discharge 

from 2-3 vrd landfill 

Table 2. Leachate runoff quaIity in 1987-88 (based on site-averaged statistics), and Finnish refer- 
ence values. 

Finnish average Min. Median1 Meanl Metal/other Runoff of 
variable landfill 

Max. n Lakes Rivers 

As Dg/l) 
C d (  » ) 
Cr ( » ) 
C u (  n ) 
P b (  D ) 
Zn (mg/l) 
Mn( » ) 
Fe ( » ) 
Na(  » ) 
K ( » )  
Hardness (mmol/l) 
PH 

1 For calculation of medians and means, results under detection limits (DL) are replaced by 0.5 x DL. 
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WASTE FILL 
CONCENTR. 
rng/kgiDS) 

RUNOFF 
CONCENTR. 

mg/l 

12.50 

METAL 

Fig. 3. Mean concentrations of metal fractions in wastes of a mu- 
nicipal solid waste landfill, as compared with mean runoff concen- 
trations. 

Metal contents in waste, and leaching rates, are 
described on the basis of data from a site closed 
down in 1974 after disposal 0f solid waSteS and Fig. 4. Example of a municipai solid waste landfill leaching con- 

various sludges (Fig. 3). siderable amounts of metals due to heavy disposal of acidic elec- 
troplanting sludges. 

Although the metal contents in the fill are rather 
high, most metals are presently immobile. This 
may be dued to the high pH, low redox potential, sions were noted (mean Zn value in runoff 21 
sorption capacity and consolidation of wastes. In mg/l), due to the heavy disposal of acidic Zn 
contrast, at an active fill considerable metal emis- sludges and poor management (Fig. 4). 

CONCLUSIONS 

1. The concentrations of heavy metals are 
usually low even in the rather undiluted leachate 
runoff from municipal solid waste landfills. 

2. The dominant metals in landfill runoff are 
Na, K, Ca + Mg, Fe, Mn and Zn. 

3. There is considerable variation in runoff 
quality temporally and between different sites, due 
to waste quality, management and hydrology. 

4. Metal loading from municipal solid waste 
landfills is mostly insignificant in comparison with 
industrial discharges, and as such constitutes a lo- 
cal problem. 

5. The likely causes for heavy metal immobili- 
zation include sorption, complexation and forma- 
tion of SZ- and other precipitates under anaero- 
bic (and neutral) conditions. 
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HYDROGEOCHEMISTRY AND SENSITIVITY TO ACIDIFICATION 
OF STREAM WATERS IN CRYSTALLINE AREAS 

OF NORTHERN FENNOSCANDIA 

by 
Pertti W. Lahermo 

Pertti W. Labermo, 1991. Hydrogeochemistry and sensitivity to acidifi- 
cation of stream waters in crystaiiine areas of Northern Fennoscandia. Geo- 
logical Survey of Finland, Special Paper 9. 1 1 1-1 30, 13 figures and 3 
tables. 

About 6400 water samples were collected from smail catchments in north- 
ern Finland and Norway above 66' N latitude as a part of the Nordkalott 
Project carried out jointly by the Geological Surveys of Finland, Norway 
and Sweden. Electrical conductivity (EC) was measured in situ and Ca, 
Mg, Sr, Ba, Na, K, Si, Fe, Mn, Al and Zn concentrations were determined 
from filtered and acidified samples by the ICAP method. The relative abun- 
dance of mafic, ultramafic and carbonate rock components in the catch- 
ments is the most influential factor controlling the EC values and the main 
cation concentrations (Ca, Mg, Sr). These components also determine the 
HCO, alkalinity or acid-neutralizing capacity (ANC) of stream water. In 
the northern coastal belt, Na derives largely from airborne sea salts, but 
in the southwestern corner of the research area it may derive partly from 
relict sea salts in sediments. The concentrations of Na, K and Si do not 
depend solely on the lithological environment. Fe and, to a lesser extent, 
Mn and Al occur in the highest abundances in the low-lying, intensely palu- 
dified Southern part of the area, suggesting that these metals tend to go 
into solution and to be transported in complexed forms with dissolved and 
colloidic humic matter. The areal distribution patterns of the main cations 
(Ca, Mg, Sr) and of some heavy metals (Fe, Mn) in stream water are fair- 
ly consistent with those of till and mineral stream sediments, although, 
in a statistical approach, only a few significant correlation coefficients were 
established. 

Key words: hydrogeochemistry, stream water, electrical conductivity, 
chemical composition, acidification, buffers, northern Finland, northern 
Norway 

Pertti W.  Lahermo, Geological Survey of Finland, SF-02150 Espoo, Fin- 
land 

INTRODUCTION 

The Nordkalott Project, which was supported were also emphasized. The large collection of geo- 
by the Nordic Council of Ministers, was initiated chemical maps was compiled as "The Geochemi- 
in 1980 with a view to promoting exploration. The cal Atlas of Northern Fennoscandia" (B~lviken 
subprojects included bedrock geology, Quaternary et al. 1986). Both field and laboratory work and 
geology, geophysics, geochemistry and data data processing were carried out by the Geologi- 
processing. Later, environmental considerations cal Surveys of Finland, Norway and Sweden in the 
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region that encompasses the areas north of 66" N 
latitude in Fennoscandia. 

The geochemistry subproject comprised the 
sampling and analyzing of glacial till, mineral and 
organogenic stream sediments, stream moss and 
heavy minerals in till and stream sediments. 

Stream water was a sampling medium for the 
Finnish and Norwegian parts of the project area 
only (B~lviken et al. in prep.). Water samples of 
50 ml were filtered through a 0.45 g disposable 
membrane filter attached to a plastic syringe and 
acidified with five drops of concentrated supra pur 
HNO,. Specific electrical conductance was deter- 
mined in the course of sampling from a 100 ml 
unfiltered sample rejected after measuring. Water 
samples were analyzed by the ICAP method only. 
However, the exceedingly low natural metal con- 
centrations in water and, on the other hand, the 
high detection limit for several of the analyzed ele- 
ments (particularly Ba, V, Ti, Li, Ni, Cr, Co, Pb, 
Cd, Mo and Be) rendered the majority of the ana- 
lyses useless. Owing to the considerable variations 
in geochemical sample types (stream water, till, 
stream sediments and stream moss), the streams 
and their catchments can be considered as a com- 
posite unit reflecting the general physio-graphical, 

hydrological and geochemical environment. 
A composite sample of till from four nearby 

sites was collected from the C horizon of the soi1 
at depths of 50-60 cm, and the - 0.062 mm frac- 
tion was prepared for analysis. The composite 
mineral stream sediment samples (mixed stream 
bed and stream bank material) were collected from 
five to 10 sites within a 50 m stretch of stream and 
the - 0.18 mm wet-sieved fractions were used for 
analyses. Also organogenic stream sediment Sam- 
ples (mixed humic material, plant roots, litter 
and some mineral matter) were collected and the 
- 0.1 mm fractions were sieved. The samples were 
analyzed for 11 to 25 elements: the till samples by 
the OES (Geological Survey of Finland) and INAA 
(Technical Research Centre of Finland) methods; 
the mineral stream sediments by the ICAP method 
(Geological Survey of Norway); the ashed organo- 
genic strearn sediments by the XRF method (Swed- 
ish Geological Co.), and the ashed stream moss 
by INAA (Technical Research Centre of Finland). 
The heavy minerals (heavier than 2.96 g/cm3) 
were analyzed from the 0.062-0.5 mm fraction 
of till and from the 0.18-0.6 mm fraction of 
mineral stream sediment by the XRF method 
(Swedish Geological Co .). 

GEOLOGICAL AND HYDROGEOLOGICAL SETTING 

The region covered by the Nordkalott Project 
comprises the northern part of the Precambrian 
Fennoscandian Shield, which is bordered by the 
Caledonian Fold Belt in the north and west (cf. 
Bdviken et al. 1986). The comparatively flat 
Precambrian shield area becomes progressively 
higher from the Gulf of Bothnia in the southwest 
towards the north and northwest. In the north of 
the Finnish part of the project area the highest 
peaks are at altitudes of 600-1000 m, but in Nor- 
way the crests of the Caledonides reach still greater 
heights. 

The main rock types in the basement areas in 
Finland are illustrated in Fig. 1. The large Early 
Proterozoic schist area in central Lapland stretches 
as a belt in a NW-SE direction from Kittila via 
Sodankylä (A in Fig. 1) to Salla in the southeast, 
where it forms the smaller Kuusamo schist area 
(B). The whole schist area continues northwards 
beyond the Finnish border into Finnmarken and 
is largely composed of mafic and ultramafic plu- 
tonic and volcanic rocks. In the southwest the 
wedge-shaped peräpohja schist area (c) is com- Fig. 1. A simplified map of Precambrian bedrock in the study area. 

1 a., schists and paragneisses (mainly mica schists, mica gneisses and 
posed of mica schists and mica gneisses, quartzites, amphibolites); 1 b., granulites; 1 c., orthogneisses (basement gneisses 

mafic volcanics and rare dolomites. ~h~ ~~~h~~~~ with granite veins); 2., Karelidic schist belt (rich in greenstones and 
amphibolites); 3., Orogenic plutonic rocks (mainly granites and 

basement in the south and east of the project area granodiorites). Modified mainiy from Simonen (1980). 
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is composed of granitic to dioritic gneisses and 
some arnphibolites. In the northern part of the 
area, the bedrock is dominated by an arch-formed 
granulite complex. 

The mafic components and rare dolomites are 
the most rmtive components in terrns of their con- 
tribution to stream water chemistry. Consequently, 
the mineral composition of bedrock is more im- 
portant than its structurd features and age rela- 
tiom. The provenance of glaclal tili is the local bed- 
rock, as is reflected in the Iithology of the over- 
burden. 

The project area is the most thinly populated 
part of the Nordic countries. Consequently, direct 
anthropogenic pollution has only a minor impact 
on the environment. On the other hand, large- 
scale, intensive clear-felling, forest soi1 treatment 
by ditching and ploughiag, peatland draining and 
land reclamation and artificial forest fertiliung 
may affect drainage conditions and the chemical 
quality of shdow groundwater and strearn water, 
particularly in tbe Southern part of the area. Fur- 
thermore, no catchments cm totally avoid some 
contribution af airborne anthropogdc faliout and 
acidifying material, mainly S and N compounds. 

Wide seasonal variatinns are a typical feature 
of the chemistry of the streams. The concentra- 
tions of dissolved components and the pH level, 

affected by the influx of melting snow and rain, 
are at their lewest during the spring peak of the 
runoff cycle. In summer, the concentrations vary 
only moderately depending on tha intensity and 
mutual interaction of rainfall and evapotranspi- 
ration. In winter, the stream water is overwhelrn- 
ingly composed of base flow, i.e. the groundwater 
discharged into water courses, and fluctuations in 
chemistry are insignificant. Since the samples of 
this study were coilectcd in summer over a period 
of several years, different Bydrometeorological 
conditions were encountered. The long time span 
of the sampling period, four years, and the large 
number of samples have, however, effectively ran- 
domized the data, as is seen in the results of the 
present hydrogeochemical interpretation. 

This paper focuses on the geochemistry of 
strearn water in the Precambrian part of the pro- 
ject area in Finnish Lapland and on a smalier area 
to the north of It, in Fmnmarken, Norway. The 
mountainous Norwegian coast, composed of Cale- 
donian sedimentary thrust belt and represen t ie -  
different physiographical and geological condi- 
tions, is beyond the scope of this paper; only for 
a few elements (Na, Si, Fe) is reference made to 
the hydrogeochemistry of streams in the northern 
coastal belt. 

REGIONAL HYDROGEOCHEMICAL PATTERNS AND THEIR GEOCHEMICAL 
SIGNIFICANCE 

Electrical conductivity (EC) and alkali earths (Ca, Mg, Sr, Ba) 

Most of the dissolved constituents of water oc- and the minor elements Sr and Ba (Table l), are 
curring in concentrations above analytical detec- the principal contributors to the electrical conduc- 
tion limits show distinct regional distribution pat- tivity (EC), they also correlate strongly with each 
terns. Since the main cations, such as Ca and Mg other and show consistent regional distribution 

Table 1. The electricai conductivity @C) and main dissolved elements in stream 
waters. The minimum, 5 % and 95 % percentiles, median and arithmetic mean vaiues 
are presented. For maximum values, the lowest rounded values among the 3 to 5 
highest ones were chosen. The number of samples is about 6400. 

Min 5 To Median Mean 95 '3'0 Max 
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ARCTIC SEA 

Fig. 2. The distribution of electrical conductivity values in stream waters. 

patterns. In the shield areas, the concentrations Hence, there are positively anomalous areas in the 
broadly reflect the bedrock composition, the broad greenstone belt in central Lapland (Kittilä, 
highest values occurring in the schist areas com- Sodankylä and Salla), in its extension in the south- 
posed largely of reactive mafic and ultramafic vol- east (the Kuusamo schist area), and in the "wedge- 
canites and plutonites, sometimes intermingled shaped" Peräpohja schist area (Kemi, Ylitornio 
with scattered carbonate rocks (Figs. 1 and 2). and Rovaniemi). In the southeastern corner of the 
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B e d r o c k  
Fig. 3. A scatter diagram showing the distribution of Ca concentrations in drainages composed of different rock types. The fairly high 
Ca concentrations in quartzite areas imply the occurrence of intercalated mafic and ultramafic rocks (in places, carbonate rocks). A. Mafic 
and ultramafic plutonic and volcanic rocks; B. quartzites; C. carbonates and carbonatites; D. pelitic metasediments, intermediate or felsic 
volcanic rocks. paragneisses and orthogneisses, granulites; E. intermediate and felsic plutonic rocks; F. granites (rock types after the Nord- 
kalott Project). 

granulite arch and in a narrow transition zone be- 
tween it and the more southern basement gneisses 
(mainly quartz-feldspar schists and gneisses and 
amphibolites) to the east of the Porttipahta and 
Lokka reservoirs the EC values are clearly elevated 
although the cations (Ca, Mg, Sr) do not show ap- 
preciably higher concentrations. This region also 
has distinct anomalies of many metals (Cu, Ni, Ce, 
La) in till, stream sediments and stream moss. 
Areas composed of granitoids and Archaean base- 
ment gneisses generally show minimum values for 
EC and the main cation concentrations. 

The EC values generally range from 1.5 to 8 
mS/m, corresponding to 10-60 mg/l of the dis- 
solved electrolytes, on average (Table 1, Fig. 2). 
Typical EC values in the drainage areas composed 
predominantly of mafic and ultramafic compo- 
nents are 5-20 mS/m, while in the stream waters 

draining the felsic environments the values are 
1.5-5 mS/m. 

Calcium is a conservative, and also the most 
abundant, cation in shallow groundwater and sur- 
face waters which have been in contact with the 
minerogenic environment. The regional distribu- 
tion of Ca coincides with that of the EC values. 
The highest Ca concentrations are met in the mafic 
and ultramafic rock environments, as shown by 
a scatter diagram in Fig. 3. The high average Ca 
values in the waters draining the quartzite areas 
are explained by the occurrence of the intermin- 
gled mafic, ultrarnafic and carbonate components 
commonly associated with these rocks. Since no 
catchrnents are totally composed of rare limestones 
or dolomites the average Ca concentrations are not 
much higher (shown by nine samples only) than 
in those composed of felsic rocks (e.g. granitoids), 
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Fig. 4. The distribution of the Ca/Mg ratio in stream waters. 

which are characterized by the lowest dissolved 
load in stream waters. Calcium typically occurs in 
concentrations of from 1 to 10 mg/l (Table 1). 

Magnesium ranks second in abundance of the 
cations and shows an almost identical regional pat- 
tem to that of EC and Ca, which correlate strongly 
with each other. However, some Mg-rich ultrama- 
fites (e.g. peridotites and komatiites) in the middle 
of the central Lapland schist belt show up as Mg- 
rich streams, as suggested by the distribution of 
the Ca/Mg ratio (Fig. 4). The highest average Mg 
concentrations are in streams draining the catch- 

ments largely composed of carbonate rocks (dolo- 
mites), although the differences between these and 
mafic and ultramafic rock areas are not great. 
Typical Mg concentrations range from 0.5 to 
3 mg/l (Table 1). 

Strontium behaves like Ca and Mg although it 
does not indicate the schist belt in central Lapland 
as consistently as do the main alkali earths (Fig. 
5). A small carbonatite massive in eastern Lapland 
is clearly reflected by higher Sr concentrations in 
stream water over a fairly extensive area, imply- 
ing effective dispersion of Sr-rich rock materiai by 
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glacial transport. Typical Sr concentrations range project area only the Perapohja schist belt emerges 
from 5 to 40 pg/l (Table 1). clearly from the background. Another distinctive 

More than 90 % of the barium concentrations area is in the Caledonian belt in Varanger penin- 
are below 13 pg/l; hence only a few anomalous sula, northern Norway, where an occurrence of 
areas can be detected. In the Finnish part of the barite constitutes a source of Ba in water. 
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Alkali metals (Na, K, Li) 

The alkali metals behave differently from the tribution of sodium seems to be only faintly de- 
alkaline earths presented above. The regional dis- pendent on the cornposition of bedrock. Note that 
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Fig. 7. The distribution of the Ca/Na ratio in stream waters. 

granitoid areas have Na concentrations that are 
as high as or even slightly higher than those of the 
mafic and ultramafic areas on average. The wedge- 
shaped Perapohja schist area emerges distinctly 
from the background concentrations (Fig. 6). Al- 
though lithological sources may play an important 
role in this particular area, the relict salts from the 
Litorina sea presewed in the marine sediments may 
also contribute on the coast of the Gulf of Both- 
nia, at the southwestern end of the area. Airborne 
sea salts have a strong impact on the chernical com- 
position of stream waters in coastal areas over a 
broad belt, as demonstrated by the high Na con- 
centrations in Norwegian coastal streams other- 
wise characterized by low contents of dissolved 

components. The influence of marine salts dimin- 
ishes systematically as a function of distance from 
the Arctic Ocean down to over one hundred ki- 
lometres from the sea and is still faintly detect- 
able in the Utsjoki area, in the northernmost part 
of Finnish Lapland. The same trend is clearly seen 
in the distribution of the Ca/Na ratio, indicating 
a relation between typical geogenic and marine 
components (Fig. 7). The marine Na concentra- 
tions may be from 3 to 8 mg/l on the Atlantic coast 
of northern Norway, whereas in continental Finn- 
ish Lapland the airborne fraction is below 0.5 
mg/l. This is in accordance with analyses of rain 
water. Typical Na concentrations in stream water 
range from 0.5 to 4 mg/l (Table 1). 
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Since samples were analyzed for potassium from 
only half of the studied area in Finnish Lapland, 
and 90 % of the K concentrations were below the 
detection limit employed (0.25 mg/l), no definite 
conclusions can be drawn for the whole project 
area. There are, however, some indications of 
slightly elevated K concentrations in the schist 
areas, where mafic components release somewhat 
more K into natural waters (0.5-2 mg/l) than do 
the silicic plutonic rocks. The average K concen- 
trations are slightly higher in the streams drain- 

ing granite areas than in those draining areas com- 
posed of other types of rocks. Along with its path- 
ways, K has a tendency to be adsorbed in colloidic 
organic and mineral matter through the hydro- 
cycle, which may in part explain the irregular areal 
distribution pattern of the element. The analyti- 
cal method employed for lithium did not permit 
measurements of concentrations of less than 3 
pg/l. As more than 99 % of the determinations 
were below that level, no systematic pattern in the 
distribution of Li could be established (Table 1). 

Silica 

Although solely geogenic, the Si contents do not 
show any strictly systematic dependence on bed- 
rock composition (Fig. 8). The anomalous low 
areas coincide with some, but by no means all, of 
the basement gneiss and granitoid areas, whereas 
statistically the highest Si concentrations are in the 
stream waters draining the granite areas (3.2 mg/l 
Si, as against 1.7-2.7 mg/l in other rock type 
areas). Neither does Si correlate with any of the 
major or minor dissolved components of water 
(e.g. Ca, Mg). The systematic decrease in Si con- 
centrations from the south towards the coast of 
the Arctic Ocean is striking. Since the general level 
of the EC determinations shows that no such trend 
is discernible in the total abundances of dissolved 

electrolytes, the regional behaviour of silica may 
be attributable to the effect of the airborne ma- 
rine load or to physiographical and hydrometeoro- 
logical differences between the coast and the con- 
tinental interior. The clear mountain streams of 
Norway contain little dissolved silica (0.5-4 
mg/l). In contrast, in the Finnish lowlands the 
streams draining the intensely paludified areas rich 
in dissolved and colloidic humic material contain 
5 to 10 times more dissolved Si (4-18 mg/l). Con- 
sequently, Si seems to become mobilized, at least 
partly, as complexes with humic substances and 
possibly with suspended clay fraction. Typical Si 
concentrations range from 0.5 to 4 mg/l (Table 1). 

Iron and manganese 

The behaviour and regional distribution pattern 
of iron and manganese concentrations resemble 
those of silica in that their abundances are highest 
in low-lying areas in the south and decrease syste- 
matically towards the topographically higher areas 
in the north (Figs. 9a, 9b and lOa, cf. also Ta- 
ble 1). The highest Fe values in the Southern and 
central part of the project area range from 0.5 to 
2.0 mg/l, while on the Norwegian coast typical 
concentrations are only 0.01 to 0.1 mg/l or less. 
The areal distribution of Fe suggests that the main 
influence is exerted by the topographical environ- 
ment and related paludification processes; bedrock 
composition has only a minor effect. The lower 
the topography the higher the degree of paludifi- 
cation and the abundances of dissolved humic mat- 

ter in stream water capable of transporting Fe in 
a complexed form. In northern Lapland and par- 
ticularly on the Norwegian coast the water in the 
swiftly flowing mountain streams draining rocky 
areas (Fig. 10B) is clear, oxygenated and poor in 
humus, and thus has a low ability to mobilize Fe. 

Eighty-six percent of the Mn concentrations are 
below 0.25 mg/l (Table 1). The remaining higher 
abundances (up to 0.50 mg/l) are concentrated in 
western and southwestern Lapland, in the area of 
the Fe richest waters (Figs. 9a and 9b). Many of 
the elevated concentrations appear to be located 
in the Peräpohja and central Lapland schist areas 
and are thus, to some degree, associated with the 
occurrences of Fe-rich mafic and ultramafic rocks. 
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Eg. 8. The distriéution of Si concentrations in stream waters. 

Aluminium 

Elevated Al concentrations are generally con- quite too high a number for a reasonable interpre- 
sidered to be one of the most harmful conse- tation of the results. A few conclusions can, how- 
quences of an acidifying environment. More than ever, be drawn. The overwhelming majority of the 
95 % of the determinations gave values below the sporadically elevated concentrations, ranging from 
employed detection limit (0.15 mg/l), which is 0.15 to 0.30 mg/l, occur in the south of the pro- 



Fig. 9. The distribution of Fe (A) and Mn (B) concentrations in stream waters. (A) 
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Fig. I I .  The distribution of Al concentrations in stream waters. 

ject area (Fig. 11). They tend to avoid the bedrock 
areas composed of mafic and ultramafic litholo- 
gies and, consequently, the areas characterized by 
a slightly higher pH level in waters. In northern 
Lapland and on the Norwegian coast the Al values 
are consistently below the detection limit. 

The regional distribution pattern of the scattered 
elevated Al concentrations suggests that, like Fe 

and Mn, Al has a tendency to be mobilized by 
humic matter. Furthermore, since the anomalous 
Al concentrations occur in the area that was in- 
undated by the postglacial Litorina Sea, and is 
characterized by the occurrence of marine clay and 
silt deposits (Fig. 1 l), the suspended clay fraction 
may participate in the elevated Al mobilization. 
The effects of the acidification of soi1 and waters 
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waters in crystalline areas of Northern Fennoscandia 

in terms of Al concentrations seem to be negligi- the area are due to acidification since these waters 
ble in the far north of Fennoscandia. Furthermore, are the most mineralized and buffered stream 
it is unlikely that the sporadically elevated Al con- waters encountered in the research area (Fig. 2). 
centrations in the southern and western parts of 

Other elements 

Eighty-two per cent of the zinc and 98 % of the 
copper concentrations are below the detection 
limits of 4 pg/l and 1 pg/l, respectively. The re- 
maining higher concentrations form poorly defined 
anomalous areas. The most uniform of them is in 
the Caledonian belt between Porsangerfjord and 
Tanafjord on the Norwegian coast, while a few 
elevated concentrations occur in western Lapland 
and Peräpohja. They are not related to bedrock 
composition or any known sulphide ore potential. 

All the other metals, that is, Li, Ti, V, Ni, Co, 

Pb, Mo, Cd and Be, occur in very low concentra- 
tions, and hence were below the detection limit in 
more than 99 % of the cases. The ICAP technique 
applied was not suitable for these metals since the 
detection limit is too high, particularly for Pb (35 
or 45 pg/l), Ni (15 or 20 pg/l), Co (10 or 15 pg/l), 
V (4 or 10 pg/l), Mo (5 or 10 pg/l), Cd (3 or 
5 pg/l) and Ti (2 or 5 pg/l). Although the detec- 
tion limits for Li and Be were lower (1 or 3 pg/1 
and 1 or 2 pg/l, respectively), hardly any concen- 
trations in stream waters exceeded these levels. 

SENSITIVITY OF STREAM WATERS TO ACIDIFICATION 

Despite the large variation amplitude in water 
quality induced by fluctuating hydrometeorolog- 
ical conditions, water chemistry and the related 
acid-neutralizing capacity (ANC) are predominant- 
ly controlled by the lithological and geochemical 
environment. Hence, the sensitivity of stream wa- 
ter to acidification depends on the physiographi- 
cal and geochemical properties of catchments. The 
type of vegetation, particularly the intensity of 
paludification in the drainage area and the large- 
scale reclamation of wetlands and forest soils, can 
also have a strong impact on stream water. This 
complex and interactive framework is occasion- 
ally distorted in spring by strong pulses of acid 
meltwaters to water courses, resulting in a drop 
in the pH values. 

The main inorganic buffering component is bi- 
carbonate (HCO,) expressed as alkalinity. The 
bulk of the bicarbonate alkalinity derives from the 
chemical weathering of femic silicate minerals; car- 
bonates play only a local role. Biogenic CO, par- 
ticipates in acid hydrolysis reactions by releasing 
mobile Ca, Mg, Na and HCO,. Alkalinity corre- 
lates strongly with EC values and Ca and Mg con- 
centrations, as has been indicated by several studies 
dealing with unpolluted stream and lake water 
chemistry (e.g. Lahermo 1970, Kämari 1984). The 
computing of HCO, alkalinity from EC values or 
Ca (Ca + Mg) concentrations is thus justified. In 
this study, the HCO, alkalinity was computed 

from the sum of Ca and Mg microequivalents 
(Fig. 12). 

The HCO, alkalinity was computed from the 
equation valid for clear surface waters in Kuusa- 
mo, the southeastern part of the project area (cf. 
Kämari 1985). Although the general composition 
of the water is similar, the higher humus concen- 
trations in stream waters, particularly in the in- 
tensely paludified southern and southwestern part 
of the project area, cause some uncertainties. 
However, the processed maps based on a large 
number of observations give a good idea of the 
magnitude and areal distribution of the buffering 
features of stream waters. 

The ANC is two to five times higher in streams 
draining catchments characterized by geochemi- 
cally reactive mafic and ultramafic rocks (am- 
phibolites, peridotites, komatiites, gabbros, green- 
Stones and carbonate rocks) than by more inert 
felsic rocks (granites, leucocratic gneisses and 
quartzites). The alkalinity values typically range 
from 0.2 to 1.0 mmol/l in the former and from 
less than 0.1 to 0.2 mmol/l in the latter. However, 
the mafic and ultramafic well-buffered areas com- 
prise less than 10 % of the crystalline project area 
in Finnish Lapland and Norwegian Lapland, or 
Finnmark, suggesting that most of the natural 
stream waters in northern Fennoscandia have an 
intrinsically deficient capacity to resist the effects 
of acid fallout. Limestones and dolomites con- 
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-- 
Fig. 12. The distribution of HCO, concentrations or alkalinity as computed from the sum of Ca and Mg microequivalents (cf. Kamari 
1885). 

tribute to the ANC in only a few areas: in the Pe- in parts of the Kuusamo schist area (cf. Figs. 1 
riipohja schist area at the southwestern edge of the and 2). 
study area, where the stream waters richest in elec- A coloured-surface map classifying the ANC 
trolytes are encountered, and to a lesser extent into five groups (very weakly, weakly, moderate- 
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Fig. 13. The distribution of the ANC classified into five groups on the basis of HCO, alkalinity: 1: very weakly buffered (below 
100 pmolll); 2. weakly buffered (100-150 pmol/l); 3. moderately buffered (150-200 pmol/l); 4. strongly buffered (200-300 pmoV1) 
and very strongly buffered (more than 300 pg/l). 

ly, strongly and very strongly buffered) was com- tribute to the neutralizing capacity. The latter com- 
piled on the basis of HCO, alkalinity (Fig. 13). It ponent plays an important role in Finnish natural 
is assumed that other naturally occurring bases, waters, which are arnong the most hurnus-rich any- 
such as silica (H,SiO,), complexed and colloidic where in the world, although its effect is not yet 
Fe, Al and dissolved humus compounds also con- fully understood. 
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COMPARISON OF STREAM WATER QUALITY WITH THE GEOCHEMISTRY 
OF TILL, STREAM SEDIMENTS AND STREAM MOSS 

The Nordkalott Project analyzed stream water, 
till, mineral and organogenic stream sediments to- 
gether with their heavy minerals and stream moss. 
The drainage areas encompassed by the Project 
are mainly covered with till and partly veneered 

Table 2. The environmental factors affecting the geochemistry of 
stream waters, the fine fraction (below 64 um) and heavy minerals 
(above 2.96 g/cm3) of glacial till, mineral and organogenic material 
and the heavy minerals of stream sediments and stream moss in small 
catchment areas. The environmental factors are 1. Lithological bed- 
rock and soil composition (geochemical environment); 2. Relict sea 
salts in sediments (in the Periipohja area only) and airbome sea salts; 
3. Hydrographic and topographic wnditions; 4. Humus wntents (or 
degree of paludification) and redox conditions; 5. Natural and an- 
thropogenic acidification. 0, weak or uncertain effect. n.d., the Sam- 
pling material was not analyzed for element. 

Element Stream Till Stream sediments Stream 
water moss 

Fines Heavy Min. Organ. Heavy 
mineral mineral 

by peat deposits, which have a marked impact on 
water chemistry. Since streams, stream sediments, 
stream moss and soils constitute an interactive geo- 
chemical complex within each catchment, it is 
reasonable to compare the water chemistry with 
the results of all of the geochemical sampling 
materials mentioned. 

In Table 2 the environmental factors affecting 
the chemistry of stream water, till (including heavy 
minerals), mineral and organogenic stream sedi- 
ments (including heavy minerals) and stream moss 
were evaluated on the basis of a visual compari- 
son of the geochemical and bedrock maps and on 
general information compiled from the project 
area. The lithological composition of the bedrock 
and soil has the strongest impact on most of the 
element abundances, although airborne or relict 
marine salts, hydrographic or topographical con- 
ditions, the degree of paludification and anthropo- 
genic factors also contribute to many of the chem- 
ical components in the geochemical media listed. 

The correlation matrix computed for the chem- 
ical parameters of stream water shows several in- 
terdepencies (Table 3). As in stream and lake 
waters and fresh groundwaters in general the 
strongest linear correlations are found between 

Table 3. An extract from the wrrelation matrix computed for some elements in stream water (1-1 l), mineral stream sediments (12-21) 
snd glacial till (22-29). A total of 894 selected sampling sites. 
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alkaline earths: Ca, Mg and Sr (0.53-0.84). The 
covariation with Ba is less significant. Alkali metals 
(Na, K) behave more independently, as does Si 
with other dissolved components in water. A 
marked interdependence prevails, however, be- 
tween Si and Fe, Mn and Al concentrations (0.3 1- 
0.41), suggesting that they exist as complexed 
humic compounds. There is a strong correlation 
between Fe and Mn and a weaker one with Al, but 
Zn does not show any dependence on the other 
dissolved components in water. 

In the compilation of the correlation matrix for 
the whole material, i.e. stream water, mineral 
stream sediment and glacial till soil, only a few 
significant correlations were recorded even be- 
tween concentrations of the same element in dif- 
ferent sampling materials (Table 3). One reason 
for this is the great variation in hydrometeorolog- 
ical (moderate and ample rainfall), geographical 
(low and high topography), geological (Precam- 

brian rocks and Caledonides) conditions and geo- 
botanical (northern boreal forest and alpine or 
tundra vegetation) in the large research area ex- 
tending from the coastal plains of the Gulf of 
Bothnia to the rugged shores of the Arctic Ocean. 
Another reason is the diversity of analytical proce- 
dures applied to different geochemical sampling 
materials and the heterogeneity of the material 
itself, giving rise to different behavioral patterns 
of elements in water, stream sediments and soil. 

Exceptions to the overall trend are the signifi- 
cant negative correlations between Si and K, Al, 
Zn, Ba and Mg (- 0.33--0.50) in stream water 
and mineral stream sediments. The inverse rela- 
tionships suggest that these elements are absorbed 
and complexed with hurnic matter. The weak nega- 
tive correlations between Fe and K, Fe and Al, Fe 
and Ba, and Fe and Zn (-0.21--0.32) suggest 
that these metals tend to exclude each other in the 
exchange reactions. 

DISCUSSION AND CONCLUSIONS 

The geological environment is the main factor 
controlling the chemical characteristics of stream 
water in forested till-covered catchments. EC 
values and Ca, Mg and Sr concentrations are 
highest in streams draining the central Lapland and 
Peräpohja schist areas, which are largely composed 
of mafic and ultramafic components. An addi- 
tional contributor to the high electrolyte concen- 
trations in streams draining the Perapohja schist 
area in the southwestern part of the project area 
is the scattered occurrence of dolomites and the 
effect of marine clay and silt deposits. The smail 
Sokli carbonatite massif in eastern Lapland near 
the Soviet border is reflected as elevated Ca and 
Sr concentrations in a group of streams. On the 
other hand, the abundances of dissolved compo- 
nents are lowest in the old basement in eastern part 
of the project area, which is mainly composed of 
felsic granite gneisses and granulites. The regional 
distribution patterns of Ca and Mg in till (Ca was 
not analyzed) and in mineral and organogenic 
stream sediments are basically similar to those of 
stream water. Strontium seems to behave, how- 
ever, more independently in different sampling 
media. 

The distribution patterns of Na and K in strearn 
water are not controiied by the geochemical en- 
vironment in such a straightforward way as are 
the alkali earths. In the northern coastal belt, Na 
is added to the catchments in abundance by air- 

borne marine material and in the southwestern cor- 
ner possibly also by the relict sea salts in marine 
clays and silts. Of the other geochemical media, 
only organogenic strearn sediments coincide rough- 
ly with stream waters in terms of the regional dis- 
tribution of Na concentrations. The K concentra- 
tions are quite independent of the bedrock com- 
position of the drainage area, as shown by the 
geochemistry of stream water, till and stream sedi- 
ments. 

Since silica is always abundantly available from 
the silicate minerals in soil it is not closely related 
to the rock composition of the drainage area in 
any sampling material. Although mafic and ultra- 
mafic components are less silicic than their felsic 
counterparts, their greater weatherability compen- 
sates for the differences in bulk Si concentrations 
and in the abundance of mobilized Si. The sys- 
tematic decrease in Si abundances in stream waters 
towards the sea is not, however, clearly visible in 
other geochemical materials. The low concentra- 
tions in northern streams may be attributed to 
geochemical disequilibrium in swiftly flowing 
stream water or to the effect of the sea salts that 
occur in a relatively large proportion in otherwise 
dilute stream waters. The distribution of Si in 
stream water does not coincide with that of any 
other geochemical material; only the distribution 
pattern of the heavy minerals in till (till was not 
analyzed for Si) shows some faint resemblances. 
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The distribution of Fe concentrations is affect- 
ed more by the abundance of dissolved O,, re- 
lated Eh conditions and dissolved or colloidic, 
readily complexing humic or suspended clay frac- 
tion than by the lithological environment. The sys- 
tematic increase in the average Fe and Mn con- 
centrations towards the low-lying and intensely 
paludified southwestern p.art of the project area 
seems to verify this assumption. The oxygenized 
mountain streams in the northern areas are very 
poor in Fe. There is some correlation between the 
Fe concentrations in stream water and stream sedi- 
ments although those in sediments vary over quite 
a large range. Manganese follows the behaviour 
of Fe to some degree, but Mn is somewhat more 
controlled by rock composition, as is seen in the 
Mn distribution in till and stream sediments. 

The excessively high detection limit for Al ham- 
pers detailed evaluation of this acidification-related 
metal (only 4 % of analyses were above 0.15 mg/l). 
However, the elevated Al concentrations system- 
atically avoid the mafic and ultramafic bedrock 
environment, where the waters characterized by 
a moderately high degree of mineralization tend 
to have above average pH values. The strikingly 
strong Al-anomalous area in till and stream sedi- 
ments and their heavy minerals in the eastern part 
of the granulite arch to the south of Lake Inari, 
northern Lapland, is not detected in waters. 

The highest Zn and Cu concentrations (18 % 
and 2 % of analyses were above 4 and 1 pg/l, 
respectively) form a few groups widely scattered 
over western Lapland, without any clear correla- 
tion with the mafic and ultramafic bedrock 
provinces or known sulphide rnineral occurrences. 
Only Zn shows some CO-variance with stream 

waters and sediments; the behaviour of the other 
heavy metals in different geochemical sampling 
materials is totally inconsistent. Other metals, such 
as Ti, V,  Ni, Co, Mo, Cd and Be, occur in natu- 
ral waters as extremely low concentrations and 
were not satisfactorily analyzed with the ICAP 
method employed either. 

The chemical weathering of reactive femic 
minerals releases substantial amounts of alkali 
earths and mainly biogenic HCO, into natural 
waters. Their concentrations correlate strongly 
with each other, enabling computation of the bi- 
carbonate alkalinity, or ANC, from the Ca and 
Mg concentrations (or from EC). High humus con- 
centrations cause serious uncertainties in the com- 
putations. Although this means that the computed 
values may not be correct in terms of absolute 
values, particularly in the most paludified south- 
western part of the project area, the map gives a 
good idea of the areal distribution of and differ- 
ences in the buffering ability of stream waters. 

The ANC level is strictly controlied by the litho- 
logical composition of bedrock and soil, i.e. the 
abundances of mafic and ultramafic minerals ver- 
sus felsic ones. Less than 10 % of the crystalline 
areas in northern Finland and Norway covered by 
this research project are characterized by a moder- 
ate or high buffer capacity of stream waters. Fur- 
thermore, the intrinsically low ANC level may be 
severely damaged by the influx of acidic melt 
waters or rainfall into streams, particularly in 
spring but occasionally in the autumn, too. Heavy 
metal and Al concentrations (except Fe) are very 
low, suggesting that the acidification processes of 
the environment have not yet markedly affected 
these components in stream waters. 

REFERENCES 

Belviken, B., Bergström, J., Björklund, A., Kontio, M., Leh- 
muspelto, P., Lindholm, T., Magnusson. J., Ottensen, 
R-T., Steenfelt, A., & Volden, T. 1986. Geochemical Atlas 
of northern Fennoscandia. Scale 1 : 4 000. Mapped by the 
Geological Surveys of Finland, Norway and Sweden in 
cooperation with the Swedish Geological Co. Supported 
by the Nordic Council of Ministers. 19 p. + 155 maps. 

Belviken, B., Bergström, J., Björklund, A., Gustavsson, N., 
Magnusson, J., Kontio, M., Lehmuspelto, P., Ottensen, 
R-T. Steenfelt, A., Volden, T. & Odegard, M. Stream 
Water Geochemistry across Northern Fennoscandia (in 
prep.1. 

Hamborg, M., Hiias ,  H., Lagerback, R., Minell, H., Maki- 
nen, K., Olsen, L., Rodhe, L., Sutinen, R. & Thoresen, 

M. 1987. Map of Quaternary Geology. Sheet 1, Quater- 
nary deposits, northern Fennoscandia. Compiled by the 
Geological Surveys of Finland, Norway and Sweden and 
supported by the Nordic Council of Ministers. 

Kamari, J. 1984. Suomen karujen pienvesistöjen hap- 
parnoiturnisherkkyys, Vesihallitus, Tied. 239, 85 p. 

Kamari, J. 1985. A quantitative assessment of lake acidifi- 
cation in Finland. Aqua Fennica 15, ( l ) ,  11-20. 

Lahermo, P. 1970. Chemical geology of ground and surface 
waters in Finnish Lapland. Bull. Comrn. géol. Finlande 
242, 106 p. 

Simonen, A. 1980. The Precambrian in Finland. Geol. Surv. 
Finland, Bull 304. 58 p. 



Environmental geochemistry in northern Europe, 
Edited by Eelis Pulkkinen. 
Geological Survey of Finland, Special Paper 9. 131-139, 1991 

ASPECTS OF ACIDIFICATION OF GROUNDWATERS 
IN FINLAND 

by 
Pertti Lahermo 

Pertti Lahermo, 1991. Aspects of acidification of groundwaters in Fin- 
land. Geological Survey of Finland, Special Paper 9, 13 1 -1  39, 8 figures. 

In Finland, shallow groundwaters occurring in thin overburden and in 
the surficial part of fractured bedrock are of a naturally acidic and weak- 
ly mineralized Ca(HC03)2-dominant type. The primary acid neutralizing 
capacity (ANC), which is almost solely due to HCO, alkalinity, correlates 
with the degree of water mineralization and concentrations of the main 
dissolved components (Ca, Mg) in the water. These are largely controlled 
by the geochemical environrnent, i.e. the abundances of mafic/ultramafic 
and carbonate rock components relative to felsic ones. Acidity decreases 
and mineralization increases systematically from the most diluted swiftly 
circulating spring waters to the deeper, more mineralized well waters in 
overburden and bedrock. Both the pH vaiues and the HCO, concentra- 
tions rise with the increase in the residence time and mineralization of 
groundwater, which, in turn, are a function of distance from the recharge 
area and the depth of occurrence. Hence, weakly mineralized, swiftly cir- 
culating spring waters and the water from the shailowest dug wells are the 
most susceptible to acidification, whereas older, more strongly mineral- 
ized groundwaters in deeper wells, particularly those in bedrock overlain 
by poorly pervious overburden, are better buffered and well protected. 
In general, the highest concentrations of dissolved matter are met in the 
broad coastal belt where groundwater occurrences are confined by fine- 
grained marine sediments. 

About 13 % of the groundwater samples nearly 9300 collected by the 
Geologicai Survey had pH values below 5.8. The acidified groundwater 
sites, including springs (20 %), dug wells (13 %) and drilled bedrock wells 
(5 %), are evenly distributed across the country. This suggests that the 
occasional occurrence of acid groundwater cannot be attributed solely to 
acid deposition but rather to diversified natural acidification processes. 
The lowering in pH level is mainly due to chemical weathering of primary 
sulfides in the soi1 and bedrock, sulfate- and sulfide-rich bottom sediments, 
particularly in a broad belt on the West coast, and humus-rich or poiluted 
(particularly by animal husbandry) overland flow entering deficiently pro- 
tected weils. In the case of spring waters, SO, concentrations, which are 
an indicator of acidification, evidently derive mainly from acid fallout; 
for deeper groundwater the main contributor is the geochemical environ- 
ment. 

The most troublesome consequence of acidification is the increase in 
corrosion and the contents of Al and heavy metals in water; Al concen- 
trations may occasionally reach 1-2 pg/l in acid groundwaters. Heavy 
metai concentrations, mainly technogenic in nature, however, are weil 
below the recommended values for drinking water. 

Key words: environmental geology, water, hydrochemistry, acidification, 
alkalinity , bu ffers, Finland 
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INTRODUCTION 

Exploitable groundwater resources in Finland 
occur predominantly in glaciofluvial sand and 
gravel deposits, i.e. eskers, esker deltas and ice- 
marginal formations. Of the latter, the extensive 
deltas of the Salpausselkä constitute the largest sin- 
gle aquifers in the country, a single aquifer some- 
times yielding more than 20 000 m3 water per 
day . In general, the arnount of groundwater avail- 

able in comparatively thin sand and gravel aquifers 
compartmentalized into small basins by the irregu- 
lar bedrock basement is only a fraction of that. 
Furthermore, as hydrogeologically favorable sand 
and gravel deposits represent only 3-4 % of the 
area of the country, Finland's total usable ground- 
water resources are not large (the estimated total 
amount of groundwater in aquifers yielding more 

1 Weakly buffered 

2 Moderately buffered 

3 Strongly buffered 

Fig. 1. A block diagram showing the occurrence of groundwater in a typical glaciofluvial esker in a subaquatic area. The groundwater 
is mainly replenished by id t ra t ion  into the esker but there is also inflow from tili overlain by clay deposits and through fractures in bed- 
rock. The susceptibility to acidification is indicated by numbers 1 to 3. Drawn by H. Kutvonen. 

Fig. 2. A block diagram showing the occurrence of groundwater in a broad valley filled with till and clay deposits in a subaquatic coastal 
area. Drawn by H. Kutvonen. 
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Fig. 3. A block diagram showing the occurrence of groundwater in a tectonically controlled valley filled with till, silt and peat deposits 
in a supra-aquatic inland area. Drawn by H. Kutvonen. 

than 250 m3 per day is 50-70 m3/s, Mäikki 
1970, Lahermo 1974). Groundwater accounts for 
more than half of the totai volume of water sup- 
plied by public water utilities, and the proportion 
is steadily increasing. An estimated 20-22 070 of 
the population still relies on private water supplies, 
i.e. water from captured springs and from wells 
dug into overburden and drilled into bedrock. The 
water is often drawn from thin layers of glacial 
till, the most common soil, or from fractured bed- 
rock; neither of which is a good aquifer. The 
amounts of water are sufficient for only a single 
household or a water utility serving a few house- 
holds at the most. 

The overburden in Finland is generally only a 
few meters thick, although, exceptionally, it may 
be some tens of meters. Hence, groundwaters are 

very shallow and susceptible to the impact of hu- 
man activities like poiiution and acidification. The 
shallowest and most swiftly circulating ground- 
water, are only weakly mineralized and chemical- 
ly closely related to rainwater. They are affected 
by alien additions to the local water cycle, e.g. acid 
deposition. The same applies to the upper part of 
bedrock groundwater if it is not protected by poor- 
ly pervious overburden. In deeper parts of the 
overburden and bedrock, the "older" groundwater 
is more strongly mineralized and has a higher nat- 
uraily inherited buffer capacity. Groundwater con- 
fined by clay and silt deposits is also usually well 
protected. The hydrogeologicai conditions and the 
susceptibility to anthropogenic impact in general 
and to acidificatim in particular are presented in 
three block diagrams (Figs. 1, 2 and 3). 

THE EFFECT OF GROUNDWATER CHEMISTRY ON BUFFERING CHARACTERISTICS 

The primary buffer capacity, or acid neutral- southwestern coastal area, the Åland Islands and 
izing capacity (ANC), of fresh Ca(HC03),-domi- the Perapohja schist area in southwestern Lapland. 
nant groundwaters in Finland is almost solely as- The HCO, alkalinity, or ANC, rises along with 
sociated with HCO, alkalinity. This derives the increase in residence time or "age" of the wa- 
mainly from the dissolved biogenic fluids and ter, which in turn is a function of distance from 
CO, participating in silicate weathering; - the recharge area and depth of occurrence. Con- 
carbonates play only a minor local role - in the sequently, the ANC depends chiefly on the 



Geological Survey of Finland, Special Paper 9 
Pertti Lahermo 

Geological Survey of Finland 

Hydrogeochemical map 

Geological Survey of Finland II 

Hydrogeochemical map - 

(a) (b) 
Fig. 4. The regional distribution of pH levels (a) in spring waters, (b) in waters.from dug wells and 

hydrogeological conditions of the aquifers (see 
Figs. 1, 2 and 3). Not only the structure but also 
the texture, i.e. the proportion of fine-grained frac- 
tion and perviousness, and the lithological com- 
position of the aquifer material are important con- 
tributors to the HCO, alkalinity, or the ANC. 
Groundwater occurring in fine-grained matrix rich 
in clay minerals has a higher ANC level than has 
coarse-grained aquifer material. Another impor- 
tant factor is the abundance of mafic and ultra- 
mafic mineral components, which may yield ap- 
preciably more dissolved solids into solution than 
the more resistant felsic minerals. The occasional 
carbonates are the most reactive of the common 
rock-forming minerals. 

The colored surface maps and black dot maps 
were processed from a data population of nearly 
9300 water samples from springs and from wells 
dug into overburden and drilled into bedrock all 
over the country. The regional distribution of 
pH values in the three categories is presented in 

Fig. 4a-4c. The maps illustrate the transitional 
change from very shallow, swiftly circulating 
diluted groundwater to systematically deeper, more 
strongly mineralized groundwater in overburden 
and bedrock. As spring waters are heavily con- 
trolled by hydrometeorological conditions as well 
as by acid rain, their pH level is quite low in the 
Southern half of the country, where acid fallout 
is most intensive (Fig. 4a). The effect of the pre- 
dominant bedrock composition is reflected in the 
clustering of low pH levels in areas in central and 
eastern Finland where the bedrock is composed of 
granitoids. The anomalous high pH areas in north- 
ern Finland coincide with mafic, ultramafic and 
some carbonate rock occurrences in the Perapoh- 
ja and Kuusamo schist areas. The average pH level 
in dug well waters and in waters from drilled wells 
increases in that order (Fig. 4a and 4b). 

The bedrock effect is clearly seen in supra- 
aquatic areas, but in the coastal areas and in the 
archipelago (including the Åland Islands) the ef- 
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(c) Fig. 5(@. The regional distribution of HCO, aiksiuniy, or acid 
(c) in wateis from wells drilled into M o c k .  nentrallzafian capadty, in (aj spring waters. 

fect of relict sea salts in fine-grained sediments or 
in deep-seated bedrock groundwater is reflected 
in an elevated pH level. The comparatively high 
pH level in the Utsjoki area in northern Lapland 
cannot be solely due to the geological environment, 
which is mainly composed of felsic granulites and 
basement gneisses; nor could the small intrusions 
of ultramafic rocks (gabbros, peridotites, anortho- 
sites) have such a marked effect. 

The trend in the areal distribution of HCO, 
alkalinity, or ANC, from shallow, weakly miner- 
alized waters in springs to deeper, more mineral- 
ized and buffered groundwaters in dug wells in 
overburden and in wells drilled into bedrock is 
sirnilar to the trend in the distribution of pH values 
(Fig. 5a-b). In terms of HCO, alkalinity, spring 
waters are weakly buffered and susceptible to fur- 
ther acidification. Some shallow wells face the 
same danger, whilst deeper groundwater, and par- 
ticularly water from drilled bedrock wells, shows 
fairly high buffer characteristics. The most weakly 

buffered groundwaters (0.2-1.0 meq/l) prevail in 
the east and north of the country in areas charac- 
terized by felsic rocks such as granitoids, basement 
gneisses with granite veins and granulites. Well- 
buffered groundwaters (1-3 meq/l) are most 
commonly met in the broad coastal belt where 
aquifers are often partly or wholly confined by 
fine-grained sediments. 

Sulfates in shallow groundwaters such as pre- 
vailing in Finland may derive from airborne acid 
deposition. In the diluted and naturally acidic 
spring waters, the SO, concentrations systemati- 
cally increase southwards, indicating that acid fall- 
out is the mnsource of this component (Fig. 6a). 
The effect of secondaiy sulfide and sulfate precipi- 
t tions in marine sediments is seen on the west 
c ast and in the southwestern archipelago, partic- 
u ! prly in the dug weli and drilled bedrock well cat- 
egbries (Fig. 6b-c). Certainly in the Tampere- 
Vammala-Pori area in southern Finland and in 
the Outokumpu area in eastern Finland the pri- 
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Figs. 5(b) and (c). The regional distribution of HCO, alkalinity, or acid neutralization capacity, (b) in waters from dug wells and (c) in 
waters from wells drilled into bedrock. 

mary sulfide occurrences also contribute to the southeast of the country, where farm wells are 
SO, concentrations. Contamination may be often poorly protected. 
responsible for the high concentrations in the 

ACIDIFICATION OF GROUNDWATER 

In a data population of nearly 9300 groundwater of data (Fig. 7). Because acidified groundwaters 
samples, about 1150 sites (13 %) showed pH values may be encountered anywhere in the country, un- 
below 5.8 The acidic sampling sites are distributed der very different hydrogeological and geochemi- 
throughout the country in springs (20 %), wells cal conditions, the occasional occurrence of acid 
dug into overburden (13 %) and wells drilled into groundwater cannot be due to acid deposition 
bedrock (5 Vo). The same pattern is seen in a map alone. 
compiled two years earlier from a smaller body 
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The main causes of groundwater acidification are: 

1) Acid fallout as dry or wet deposition af- 3) Dissolution of secondary sulfide and sulfate 
fecting mainly surficial, swiftly circulating slight- precipitations in marine sediments of coastal areas, 
ly mineralized groundwater: that is, the water in particularly in a broad belt on the West coast, 
springs and shallow wells only a few meters deep. where groundwater occurrences are partly or whol- 
The effect is strongest in the Southern half of the ly confined by clay and silt deposits (Fig. 6a, 6b 
country (cf. Figs. 4a, 5a and 6a). and 6c). The relict sea water in overburden and 

particularly in bedrock is an additional source of 
sulfates in groundwater in some areas, but not al- 

2) Weathering of primary sulfide minerals, ways of acidity. 
which is effective in some of the deeper dug wells 
and in drilled bedrock weiis in parts of south- 4) Humus-rich overland flow into springs and 
western and eastern Finland where sulfide miner- shallow that are deficiently protected, es- 
aiization in bedrock, and consequentiy in the iower pecially during spring thaw and autumn rainy 
parts of till deposits, is common (cf. Figs. 4b, 4c, spells. 
6b and 6c). The effect is most conspicuous in areas 
potential for sulfide minerals such as the 5) Pollution, particularly that associated with 
Tampere-Vammala-Pori area and the Outo- animal husbandry and agriculture, which lowers 
kumpu area. pH values in wells close to stables, dung heaps and 
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Ceological Shimey d Finland intensively cultivated fields (Laht:rmo 1970, 1988). 

Hydrogectchemicsll map The proximity of mink and fox farms may have 

r '- a similar effect. In addition, certain artificial fer- 
tilizers may cause acidification. 

6) When reduced Fe- or Mn-rich groundwater 
is discharged into springs or cisterris, precipitation 
of hydroxides, may lower the pH level if the con- 
centrations of the metals in the we.ter are high (cf. 
Jacks and Maxe 1984). 

The most serious consequences of acidification 
are the increases in corrosion and in Al and heavy 
metal concentrations in the water. The Al concen- 

I 
trations may reach several hundi-eds of pg/l or, 
in some springs or very shallow wells character- 

ORUB) BEDROCK WEUS ized by acid water, 1-2 mg/l (Fi.3. 8). The heavy 
metal concentrations are mainly technogenic in na- 
ture and derive from pumps, pipes, containers and 
fittings. They are generally well below the recom- 
mended values for drinking water. The median 
(and 90 % percentile) values for 51 group of heavy 

$ metals in almost 6500 samples ~:olIected by the 
Geological Survey from dug well3 and from wells 

r drilled into bedrock are Zn 60 (400) pg/l, Cu 8 
(40) pg/l, Ni < 2 (1 1) pg/l, Pb <: 1 (2) yg/l, and 
Cd ~ 0 . 5  (<0.5) pg/l. 

t i d 
100 km 

*$ T 2 1 

- 

Fig. 6(c). The regional distribution of SO, concentrations in vaters 
from wells drilled into bedrock. e- 

I 

I 
I 
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Fig. 7. The regional distribution of acidic groundwater sampling 
sites @H below 5.8) classified as springs, dng wells and dnlled 
bedrock wells. 
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Fig. 8. The correlation of Al concentrations with pH values in 
some acidic groundwater samples. 
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THE REMOVAL OF PHOSPHORUS AND HEAVY METALS 
BY SOIL ADSORPTION 

by 
Arto Latvala 

Latvala, Arto, 1991. The removal of phosphorus and heavy metals by soil 
adsorption. Geological Survey of Finland, Special Paper 9, 141-149, 7 
figures and 6 tables. 

The removal of phosphorus from sewage in intermittent sand filters was 
studied in pilot experiments conducted at the Suomenoja Wastewater Re- 
search Station at Espoo, Finland, in 1987, 1988 and 1989. Ten pilot filters 
with a diameter of 150 mm and a height of 0.9 meters were used. Primary 
settled sewage from the Espoo sewerage system was dosed into the filters 
twice a day from Monday to Friday at a rate of 60 or 180 liters m-2 d-l. 

Within the natural sand of 1-2 mm, special layers for the adsorption 
of phosphorus were included at a filter depth of 40-60 cm. Compared 
with the sand, which contained 35 % plagioclase, 20 % feldspar, 25 % 
quartz, 5 % biotite, 10 % chlorite and 5 % hornblende the following ad- 
sorption materials gave better removal of phosphorus: sediment deposits 
from the condensing unit and a water plant of a Ti02 plant mixed with 
a small amount of ferrous sulfate (99 % reduction of phosphorus), fer- 
rous sulfate mixed with natural sand (80-90 Yo), powdered gypsurn mixed 
with natural sand (80-90 070) and peridotite sand (70-90 %). The reduc- 
tion achieved with natural sand was only 40-60 %. Some other materials 
e.g. anorthosite, gave good results in short-term experiments. 

In removing zinc the best results were achieved in a short period with 
an emichment waste containing calcite and rnica and with anorthosite and 
with crushed expanded clay. 

Key words: sewage, purification, phosphorus, heavy metals, sand filtra- 
tion, adsorption, Finland 

Arto Latvala, National Board of Waters and the Environment. P. 0. Box 
250, SF-00101 Helsinki, Finland. 

INTRODUCTION 

Small-scale wastewater treatment plants became 
relevant for study only in the 1980s. Earlier in Fin- 
land sewage plants had to serve at least 200 inhabi- 
tants before they were of interest to the water 
authorities. However about one million Finns - 
over twenty per cent of the population - live in 
the countryside without a connection to a large 
sewage plant. 

Soil adsorption is a viable alternative method 

of wastewater treatment, especially in small-scale 
plants. The method has been in use for many years, 
particularly in the USA, but usually without spe- 
cial interest in the removal of nutrients. Soil ad- 
sorption methods in sewage treatment include in- 
termittent sand filtration, soil absorption and 
watering. The first two of these can be Open sys- 
tems or systems buried in the soil. In Finnish cli- 
matic conditions those soil treatment systems that 
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also work during the winter are of the buried sys- 
tems type. 

In a study on the mineral consistency of Sand 
and its efficiency for phosphorus removal, iron 
and calcium and especially aluminum have been 
found to increase phosphorus removal, (Statens 
NaturvArdsverk 1980). Reducing chemical condi- 
tions may appear if micro-organisms form so dense 
layer that oxygen transfer downwards will be in- 
hibited. The aluminum compounds of phospho- 
rus are less likely to dissolve in reducing chemical 
conditions than iron compounds. The degree of 
hardness of the Sand used for phosphorus adsorp- 
tion should be low, under three on the Mohs' scale 
(US EPA 1985). 

Because the cation exchange capacity of Sand 
is very low, the removal of phosphorus tends to 
be low compared with other types of soil. Adsorp- 
tion layers of different materials have been added 
to improve the phosphorus removal in Sand filters. 
Usually these have been located just under the bio- 
logically active part of the filter, which is approx- 
imately the upper 20 cm of the filter. The adsorp- 
tion layers are typically not more than 10 to 

PILOT EXPERIMENTS 

The experiments were conducted in two phases 
with ten pilot filters, beginning with preliminary 
tests in April 1987 and continuing with a second 
phase in January 1988. This second phase was still 
continuing in October 1989. 

The total height of the pilot filters was 100 cm 
and the filter material 90 cm, corresponding to the 
natural height of soil adsorption (Fig. 1). The di- 
ameter of the PVC columns was 150 mm. Twice 
a day primary sedimentated sewage of the City of 
Espoo was dosed into the filters, once in the morn- 
ing and once in the afternoon during weekdays. 
No dosing was done during weekends. In addition, 
once a month in 1988-1989, there was a pause 

20 cm in height. The material for adsorption is 
usually mixed with the filter Sand if the grain size 
of the material is smaller than that of the sand. 
Adsorption materials containing aluminum, iron 
or calcium have been preferred, but very rarely 
have materials been found containing all of these, 
as does the red mud used in Ontario, Canada. A 
20-cm layer of this red mud mixed with Sand in 
1 : 1 ratio was giving a 96 Vo reduction of phos- 
phorus even 5 to 6 years after introduction % the 
filter (Statens NaturvArdsverk 1980). Aluminum 
sludge from water plants has also performed well 
as an adsorption layer (Nilsson 1983). 

The purpose of the present studies was to in- 
vestigate the effectiveness of Sand soil filters in 
phosphorus removal. Poor results, not in total har- 
mony with those reported earlier in the literature, 
have recently been obtained in some soil filtration 
plants in Finland. To determine why the results 
were so poor, natural Sand was obtained for test- 
ing without any adsorption layers. 

At the same time study was made of the adsorp- 
tion layers that had been added to improve the 
phosphorus removal of the sand. 

Fig. 1. The locations of the adsorption layer in the pilot filters. 

in the dosing, generally for one or two weeks. The 
dosing was 60 liters per Square meter per day ex- 
cept from August to December in 1988 when the 
dosing was 180 liters. 

The materials studied in 1987 are shown in Ta- 
ble 1 and the materials of the 1988-1989 studies 
in Table 2. The grain size dl0 of the natural Sand 
was 0.8 mm and d60 was 1.60 mm. 

The adsorption materials studied in 1987 (Ta- 
ble l), excluding turf, were all raw or waste mate- 
rials from plants of the Kemira Company. Anor- 
thosite is raw material for the production of alu- 
minum at the Harjavalta factories and the flota- 
tion waste is produced during the concentration 
of apatite at Siilinjärvi. Calcite concentrate and 
mica are products of the further refining of the 
flotation waste and the powdered gypsum is 
formed in the production of phosphorus acid at 
Siilinjärvi. 

In 1987 the Sand and adsorption materials were 
combined so that the adsorption materials com- 
prised 25 Vo (volume) of the total volume of the 
adsorption layer. The Sand was added to increase 
the water permeability of the adsorption layers in 
cases where the grain sizes of the adsorption 
materials were too small. 
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Table 1. The materials of the preliminary tests in 1987. 

Pilot filter Badc matetiaI Adsorption layer 
number 

Table 2. The mater*a!\ of the filters in 1988-1989 

Pilot filter Basic material Adsorption layer 
number 

1 naturai sand none 1 naturai sand none 
quartz sand naturai sand 
quartz sand anorthosite 40 cm naturai sand 

natural sand 

mixture of powdered gypsum 
and natural sand 40 cm 
mixture of sediment deposit 
and ferrous sulfate 

quartz sand anorthosite 20 cm 
natural sand anorthosite 20 cm 
natural sand turf 40 cm naturai sand 

natural sand 

rnixture of ferrous sulfate 
and natural sand 20 cm natural sand mixture of flotation 

waste and naturd sand 40 cm mlanure of Ansu and naturai 
sand 20 cm natural sand mixture of calcite and 

natural sand 40 cm natural sand mixture of AVR and natural 
sand naturai sand mixture of mica and 

natural sand 40 cm 8 naturai sand expanded clay 20 cm 
9 natural sand crushed expanded clay 20 cm 

10 natural sand peridotite sand 20 cm 

10 natural sand mixture of powdeted 
gypsum and natural sand 

The adsorption materials of 1988-1989 (Table tion materials and Sand were combined so that the 
2) were powdered gypsum, a sediment deposit percentage volume of adsorption materials was 
from a condensing unit and water plant of a 25 % in the case of powdered gypsum and 50 % 
TiO, plant mixed with ferrous sulfate; ferrous in the case of the wastewater chemicals. The sedi- 
sulfate, Ansu and AVR, which are chemicals used ment deposit and ferrous sulfate were mixed to- 
in wastewater treatment; expanded clay; crushed gether in a volumetric ratio of 9 : 1. 
expanded clay and peridotite sand. The adsorp- 

RESULTS 

Total phosphorus 

As can be seen in Fig. 2, the phosphorus reduc- 
tion with natural sand decreased after the sand had 
been used for several months. With the larger 
dosing in autumn 1988, the phosphorus reductions 
were only about 40 % . In 1989, with low loading, 
the phosphorus reduction was increased to a level 
of 60 %. Powdered gypsum gave good results in 
the first phase of 1988 and satisfactory results later 
on (Fig. 3). 

The mixture of sediment deposit and ferrous sul- 
fate (4) consistently gave excellent reduction of 
phosphorus, between 98 and 100 % (Fig. 4). 

In the case of the wastewater chemicals used 

with Sand (Figs. 4 and 5), Ansu consistently gave 
the poorest results, AVR gave the best results at 
the beginning and ferrous sulfate performed best 
in the final months. Only ferrous sulfate has 
worked stabile all the time. The effectiveness of 
the others has considerably weakened during the 
tests. 

Peridotite Sand gave satisfactory results for the 
lower loading of 60 1 m-2 d-', but the crushed 
expanded clay was not better than the natural sand 
(Fig .6). Uncrushed expanded clay performed more 
poorly than the crushed expanded clay, and was 
omitted during the experiments. 

The weekly phosphorus results 

It is generally recommended in Finland that, in operation. 
with a soil adsorption system two different soil In 1988 the wastewater chemicals ferrous sul- 
beds should be used alternately in two-week pe- fate and Ansu sometimes gave poor results after 
riods. The weekly results have usually been quite one- or two-week pauses in operation (Latvala 
stable (Fig. 7) with the exception that some ad- 1989). In 1989 only Ansu gave the same problem. 
sorption materials have worked poorly after pauses 
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'~O~REDUCTIONI 
PHOSPHORUS 

INFLUENT AND EFFLUENT 
PHOSPHORUS 

VIII 

7 
8 0 

REDUCTION OF PHOSPHORUS 
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PHOSPHORUS 
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Fig. 2. Phosphorus reduction in the preliminary tests in 1987 with wastewater dosing of 60 1 rn-2 d-'. Explana- 
tion of the numbers is given in Table 1. Roman numerals refer to months. 

INFLUENT AND EFFLUENT PHOSPHORUS 

Fig. 3. Phosphorus reduction with natural sand (1) and with powdered gypsum mixed with natural Sand (3). The wastewater dosing to 
the filters was 60 1 m-2 d-' except from August to December 1988 when it was 180 1 m-2 d-1. 
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REDUCTION Of PHOSPHORUS 
20 - 

INFLUENT AND EFFLUENT PHOSPHORUS 

1989 
Fig. 4. Phosphorus reduction with sediment deposit mixed with ferrous sulfate (4) and ferrous sulfate mixed with natural sand (5). The 
amounts of wastewater dosing are the same as in Fig. 3. 

100 
REDUCTION OF PHOSPHORUS 

60 

LO - 

Fig. 5 .  Phosphom reduction with Ansu mked with natural sand (6) and AVR mixed with natural sand (7). The amounts of wastewater 
dosing are the same as in Fig. 3. 

20. 

rngT1- 

Heavy metals 

- 

- - 

IN FLUENT AND EFFLUENT PHOSPHORUS 

Some heavy metals were analyzed during the ed sludge method with simultaneous precipitation 
study but the results have not yet been compiled. of phosphorus with ferrous sulfate are given. 
For comparison, the heavy metal reductions In 1988 iron and aluminum were determined in 
achieved in a sewage treatment plant in Finland the filter influent and effluents. The results are 
using biological-chemical treatment by activat- shown in Table 4. 
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REDUCTION OF PHOSPHORUS 

Fig. 6. Phosphorus reduction with crushed expanded clay (9) and peridotite sand (10). The amounts of wastewater dosing are the same 
as in Fig. 3. 

20 

mg 1- 

Table 3. Yearly mean influent and effluent values for heavy metals 
in a wastewater treatment piant. 

Heavy metal Influent Effluent 

Iron 3.2 mgl-1 0.95 mgl-' 
Calcium 37 mgl-' 32 mgl-l 
Potassium 16 mgl-1 15 mgl-1 
Sodium 50 mgl-' 54 mgl-l 
Cadmium < 1 pg1-l < 1 pgl-' 
Cobalt <0.06 mgl-l ~ 0 . 0 5  mgl-l 
Chromium 12 pgl-1 2 pgl-l 
Copper 0.11 mgl-1 ~ 0 . 0 1 5  mgl-i 
Manganese 0.14 mgl-l ~ 0 . 1 1  mgl-i 
Nickel <25 pgl-l < 12 wgl-l 
Lead 18 pgl-l <6 pgl-l 
Zinc 0.17 mgl-l 0.04 mgl-l 
Silver ~ 0 . 0 5  mgl-' ~ 0 . 0 5  mgl-l 
Mercury <0.25 pg1-i <0.2 pgl-l 

- INFLUENT AND EFFLUENT PHOSPHORUS 

Table 4. Mean values of iron and aluminum in filter effluents, in 
February-July 1988 with a load of 60 1 m-2 d-l (A) and in 
August- December 1988 with a load of 180 1 m-1 d-1 (B). 

- - 

Filter Fe mg 1-l Al mg 1-i 

influent effluent influent effluent 

In evaluating the results in Table 4 it should be were usually found during phase A. Thus, for these 
noted that some of the adsorption layers (4, 5, 6, materials, the results of phase B are more reliable 
7) themselves contained iron or aluminum, and than those of phase A. 
that excessive amounts of the metal in the effluent 

DISCUSSION 

Sand soil filters, or intermittent Sand filters, years. This makes research difficult, because from 
when constructed under the soil surface, should a research period of two to three years we cannot 
operate without repair for approximately 20-30 know how the system will perform after a num- 
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9 

Fig. 7. Weekly results for phosphorus reduction with different filters after two weeks of operation (above) and after pause 
of two weeks (below). Filter numbers are explained in Table 2. The wastewater loading was 60 1 m-2 d-l. 
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ber of years. Some materials accumulate in the 
filters, decreasing their permeability. Conversely, 
the adsorption layers rnay slowly dissolve in the 
filter effluents. This was clearly seen in the high 
concentrations of iron, aluminum and calcium in 
the effluents from filters containing these elements 
(Tables 4 and 5). Forecasting the future rnay be 
easier for filters without adsorption layers, con- 
sisting only of natural sand, since these materials 
are harder. But also the characteristics of the Sand 
grain surfaces rnay change as a consequence of ad- 
sorption. 

The main purpose of this study was to examine 
phosphorus removal in intermittent Sand filters. 
But the quality of Sand varies in nature. The nat- 
ura1 Sand used in the tests of this study contained 

- plagioclase 
- feldspar 
- quartz 
- biotite 
- chlorite 
- and hornblende 

Other qualities of Sand rnay give different results 
in phosphorus removal, depending on rnineral con- 
sistency and the amounts of Al, Fe and Ca in those 
minerals. 

According to EPA recommendations the sand 
used in phosphorus adsorption should have a hard- 
ness of less than three on the Mohs' scale (US EPA 
1985). Finnish sands are usually harder than this, 
perhaps because of their great geological age, and 
this rnay be relevant to the poor phosphorus 
removal. In some years, the removal of phospho- 
rus has decreased to a level of 20-50 % in some 
soi1 filtration plants in Finland. 

Table 5. Selected heavy metals in filter effluents with a load of 60 
1 m-2 d-1. The adsorption layer in filter 11 consisted Vo anorthosite 
sand and in filter 12 a mica and calcite flotation waste. 

Filter Ca 
mg 1-l 

1 
3 
4 
5 
6 
7 
9 

10 
11 
12 

Another purpose of the study was to see if phos- 
phorus removal could be increased by using spe- 
cial adsorption layers. This was found to be pos- 
sible - but for how many years? The higher loads 
than normal used in part of the tests provide some 
basis for prediction. 

Certainly, if we cannot obtain satisfactory 
results in laboratory tests, they are very unlikely 
in the field, whereas with a good adsorption sys- 
tem in the laboratory we rnay obtain satisfactory 
results in the field - perhaps also in the future. 
Calculation of the amounts of Al, Ca and Fe leach- 
ing from the adsorption layers, is something we 
should do in the next phase of the research. 

Concentrations of some of the heavy metals 
were so low that they were not determined. Inter- 
mittent Sand filters with adsorption layers will be 
studied later on with leaching waters from special 
waste and landfill areas and in that phase the study 
of heavy metals becomes more relevant. 

CONCLUSIONS 

With Sand containing 35 % plagioclase, 20 % 
feldspar, 25 % quartz, 5 % biotite, 10 % chlorite 
and 5 % hornblende a phosphorus reduction of 
about 40-60 % could be obtained, after mechan- 
ical pretreatment of sewage. Phosphorus removal 
was improved in laboratory experiments through 
the use of special adsorption layers. 

Compared with the Sand alone, the following 
adsorption layers gave a better removal of phos- 
phorus: 
- powdered gypsum 
- sediment deposit from condensing water and 

water plant of a Ti0,-plant mixed with 
small amount of ferrous sulfate 

- ferrous sulfate 
- peridotite Sand 

The best absorption materia1 was the sediment 
deposit from the condensing water and water plant 
of the TiO, plant, rnixed with a ferrous sulfate in 
a volume of 9 : 1. Ferrous sulfate mixed with Sand 
in a ratio of 1 : 1 was the second best adsorption 
layer . 

The removal of phosphorus by the best system 
was almost 99 % during the test period of over 
one and a half years. The ferrous sulfate and sand 
layer removed 80 to 90 % of phosphorus, the 
peridotite Sand 70-90 % and the powdered gyp- 
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sum and sand 80 to 90 %. The other adsorption During a longer period the degree of phospho- 
materials - Ansu, AVR, expanded clay, crushed rus removal by the adsorption layers may weli de- 
expanded clay - did not always give better results crease as the result of changes in the adsorption 
than the sand alone. layer . 
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GROUNDWATER POLLUTION BY INDUSTRY 
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Taina Nystén 

Nystbn, Taina, 1991. Groundwater pollution by industry. Geological Survey 
of Finland, Special Paper 9. 151-156, 9 figures. 

Three cases of industrial pollution of groundwater are described. The 
three companies, Fermion Oy, Visko Oy and Koskisen Oy, representing 
the pharmaceutical respectively, food and sawrnill industries, are located 
in important groundwater areas in southern Finland. Ground permeabili- 
ty in the areas is good. Fermion and Visko have subsurface piping for sewer- 
age and chemicals and both have used corrosive substances. In the fac- 
tory grounds at Fermion the fine-grained materials have retained these sub- 
stances. As a result of excavation work, the impermeable layers of the 
ground have been penetrated and contaminants (hydrocarbon compounds) 
have leaked into the groundwater. In the factory grounds at Visko, am- 
monium sulfate, lye and CS, have leaked into the groundwater. Pollutants 
are bound to soi1 particles and are mobilized during heavy rainfall. At both 
Fermion and Visko, the flow of groundwater to the surrounding area has 
now been prevented. 

The sawmill used the fungicide KY-5 until it was banned in 1984. The 
main components of KY-5 were tetra-, penta-, and trichlorophenol. Until 
it was recently closed, the groundwater intake for the village of Jilrvelil 
was located 800 m from the sawmill. The total concentration of all phenols 
in groundwater at the groundwater intake was then 73.3 pg/l. 

Key words: environmental geology, groundwater pollution, industry, pol- 
lutants, water quality, Hauho, Ktirkölil, Finland 

Taina Nystén, Finnish National Board of Waters and the Environment, 
Technical Research Office, SF-00101 Helsinki, Finland 

INTRODUCTION 

Groundwater accounts for 52 % of the muni- tors representing a pollution risk to groundwater. 
cipal water supply in Finland. In general Finnish Three cases of pollution in important groundwater 
groundwaters are unpolluted, but there are numer- areas are presented here. The poiluters are Fermion 
ous risk factors. Information about these and Oy, Visko Oy and Koskisen Oy representing the 
about the impact of activities under different pharmaceutical, food and sawmill industries 
hydrogeological conditions is scare, and the Na- respectively. The report is based on the author's 
tional Board of Waters and Environment has been earlier publication (Nystén, 1988). 
carrying out studies to find out more about fac- 
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FERMION OY 

Fermion Oy is located in an important ground- 
water area at Salpausselkä 1 in southern Finland 
(Fig. l), where the soi1 consists of alternating layers 
of fine- and coarse-grained glaciofluvial sediment. 
The fine-grained materials have retained sub- 
stances that, in the course of years, have infiltrated 
the ground. For example, methylene chloride and 
chloroform have leaked out from the industrial 
site. In 1983 some 1000 m3 of ground at the plant 
was found to be stained with chemicals, which had 
contacted the unprotected ground during trans- 
port, handling and storage. It was only in 1979 
that the present paved storage area for chemical 
containers was constructed. In 1983, in connec- 
tion with sewer construction, it was discovered that 
part of the concrete structures had corroded un- 
der the attack of strong chemicals. In addition bad- 
ly made joint was found in the sewer pipe. Evi- 
dently a significant portion of hydrocarbon com- 
pounds had leaked into the ground from the sewer 
system, because the groundwater was most pol- 
luted underneath the sewers. 

The main flow direction of groundwater is to 
the northwest of the factory area (Fig. 2). As a 
result of sewer construction impermeable layers 

water intake 
@/ b 6 1  

K 167 i 

Fig. 1 .  Location of investigation areas. 

of the ground were penetrated, and contaminated 
groundwater from the factory area flowed towards 
the Furunas water intake. The highest hydrocar- 

FINLAND 

Fermion' Oy 
8 Observation tube 
@ Weil 

Flow dlrection of 
groundwaier 

Fig. 2. The poiiuted area in the vicinity of Fermion Oy. 
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bon concentrations were observed northwest of the 27 January 1983 by pumping and ditching. Thus 
buildings (in Fig. 2) in the flow direction of the way the flow of pollutants to the surrounding area 
groundwater. The hydrocarbon concentration is now prevented and the pollutants traasported 
diminished in the direction of the water intake with groundwater from the factory area have been 
(points 31 and 71, Fig. 2). removed. Water quality has improved at the Furu- 

The polluted soi1 has been dumped in a landfiil näs water intake and the Fermion purnp weil, both 
and the flow of water from the factory grounds of which are regularly monitored once a year. 
to the Furunäs water intake has been stopped since 

VISKO OY 

In July 1986, ammonium sulfate, lye and CS, These industrial raw materials had entered the 
were found to have leaked into the groundwater ground through corroded and cracked concrete or 
at the factory grounds of Visko Oy in Hanko. ceramic pipes, which had been laid in 1956. 

Visko Oy 

1 3,8 Observation point, where 
polluted groundwater is pumped 

Fig. 3. The polluted area in the vicinity of Visko Oy. Tubes 253, 255, 316 319, 319A and 327 constitute observation 
points. Longest sequences of pollution monitoring are for points 316, 319 and 327. Observation points 253 and 328 have 
been investigated as possible water intakes. Observation point 327 is the water intake of Visko Oy. Polluted groundwater 
is pumped continuously at observation point 316. 
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The Visko plant is located in an important SOL 

1 600 
groundwater area, at Salpausselkä. The perme- mg/, - - 

316 
ability of the ground is good. Groundwater flows lLm- --- ...... 317 327 

northwest from the factory area towards obser- 1200- 

vation point 327, which is Visko's water intake ,,; 
(Fig. 3). Since the sewer pipe from the factory also 

$800; 
heads northwest towards the sea, the most heavi- 
ly polluted area follows the general direction of 600- 

the piping. The polluted area is outlined in Fig. 3. L ~ ~ -  

Polluted groundwater is pumped continuousl~ 

/ 

,4 
2oa:, Lq,T. 

from the well at observation point 316 (Fig. 3), ioo 1 
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at rate of at least lom m3'd' and conducted t0 Fig. 6. Variations in the SO, concentration in the area poliuted by 
the process water sewer. Groundwater quality is visko OY. 

monitored at points 3 16, 3 19 and 327 (Fig. 3), 
where samples are analyzed for CS,, sulfate, pH, NH, - N  

conductivity, nitrate and ammonium. The water 30 

quality improved considerably during autumn 1986 "9" - 316 

at point 316. According to the determinations, 
--- 317 ...... 327 

however, the Visko wastewaters still affect the 20- 

groundwater quality. Pollutants are still bound to 
soi1 particles and become mobilized during heavy ; - 
rainfall. At point 316 this means high SO, and 
NH, concentrations and high conductivity and 
pH in spring after snow-melt and heavy rainfall 
(Figs. 4-8). The latest observation in 1987 indi- 
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CONOUCTIVITY Fig. 7.  Variations in the NH, concentration in the area poliuted by 
300 1 
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Fig. 4. Variations in electrical conductivity in the area polluted by 
Visko Oy. 
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Fig. 8. Precipitation in the Tvarminne area from August 1986 to 
November 1987. 

cated impact of waste water at points 3 19 and 327 
as well (Figs. 4-7). The investigated water intakes 
253 and 328 (Fig. 3) should not be opened in the 
near future, since water extraction could change 

'AUGM NOVB FEB87 MAY87 AUG87 NOd87 ~ ~ 0 8 8  the flow conditions and pollute the water in these 
Fig. 5. Variations in pH in the area polluted by Visko Oy. areas, t00. 
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KOSKISEN OY 

Koskisen Oy, at Järveiä in the municipality of 
Kärkölä (Fig. l), manufactures plywood, fiber- 
board and sawmill products. The industrial plant 
and the storage area are located on a NW-SE es- 
ker in an important groundwater area. The Kukon- 
maki groundwater intake for the village of Jarve- 
1ä is located 800 m from the sawmill. Some 7000- 
10 000 kg/a of the fungicide KY-5 was used at the 
sawmill between the 1930s and 1984 when use was 
banned. The main components of KY-5 were tet- 
ra-, penta-, and trichlorophenol. The photochem- 
ical and microbiological decomposition of chlo- 
rinated phenols is slow in Finland because of the 
cold climate. On the basis of the results of earlier 
investigations, the Helsinki Water and Environ- 

ment District in 1986 established a monitoring 
programme which the sawmill is obliged to carry 
out. 

An esker runs through the sawmill area and 
chlorinated phenols are easily able to infiltrate the 
permeable coarse-grained soil. KY-5 has pene- 
trated the ground and got into the groundwater 
at the production site. Soi1 samples were taken in 
August 1985, January 1986 and June 1988 at 10- 
cations where KY-5 infiltration was most probable. 
The highest concentration of chlorinated phenols 
(7.9 mg/kg) was at the sawmill site while in the 
storage area the maximum concentration was 6.0 
mg/kg . 

On the basis of the results of the monitoring 

Koskisen Oy 
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prograrnme, a further investigation was carried out 
in November 1987. For the first time the concen- 
tration of chlorinated phenols was measured at the 
Kukonmaki groundwater intake. The concentra- 
tion of all chlorinated phenols in groundwater was 
73.3 pg/1(140.7 pg/l in a follow-up analysis a few 
days later). The Finnish National Board of Health 
recommends a maximum concentration of 10 pg/l 
for chlorinated phenols in potable water, and 
WHO recommends maximum values of 0,l pg/l 
for 2,3,4-trichlorophenol and 10 pg/l for penta- 
chlorophenol. The Kukonmaki water intake was 
closed on 18 December 1987. Water supply to the 
village of Jarvela was provided from the water in- 
take at Tolkonlahde and partially from the water 
intake of Kärkölä village. 

The route of the polluted groundwater flow to 

the Kukonmäki water intake is indicated in Fig. 
9. According to investigations made by the Hel- 
sinki Water and Environment District in 1988 the 
concentration of chlorinated phenols is high 
(56 000-190 000 pg/l) in a corridor running from 
the sawmill to the Jarvela sports ground, the Py- 
haoja ditch and the Kukonmaki groundwater in- 
take. Between the esker and the eastern part of 
the sawmill area the bedrock rises and the soil is 
thin (1-7 m). The depth of permeable soil layers 
increases from the sports ground towards the 
Kukonmaki water intake. Next to the water intake, 
groundwater samples down to a depth of 6-9 m 
were virtually free of chlorinated phenols. Further 
down the concentration increased, reaching a max- 
imum of 458 pg/l at a depth of 13-14 m. 

SUMMARY 

The Fermion and Visko factories are located in 
important groundwater areas. Both have subsur- 
face piping for sewerage and chemicals and both 
have used corrosive substances. At Fermion the 
storage area for containers was earlier too small 
and the ground surface had not been made im- 
permeable. At both Fermion and Visko, the flow 
of water to the nearby water intake has now been 
prevented. 

The Koskisen Oy sawmill is also located in an 
important groundwater area, on a NW-SE esker. 
Until1984 the fungicide KY-5 was used at the miil. 
The total concentration of chlorinated phenols in 
groundwater at the Kukonmäki groundwater in- 
take was far higher than WHO recommends as a 
maximum value and the Kukonmaki water intake 
was closed December 1987. 
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SELECTIVE SEQUENTIAL DISSOLUTION OF POLLUTED 
AND NON-POLLUTED SEDIMENTS 

by 
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Räisänen, Marja Liisa & Hämäiäinen, Lea, 1991. Selective sequential dis- 
solution of polluted and non-polluted sediments. Geological Survey of Fin- 
land, Special Paper 9, 157-162, 7 figures and 1 table. 

Monitoring studies of heavy metal pollution can make use of selective 
surface sediment analysis to improve our the understanding of metal geo- 
chemical distributions and bioavailability. Lake shore sediments and sur- 
face soil samples for the present selective extraction test were collected in 
the vicinity of industrial plants and a population Centre in eastern Finland. 

The air-dried, <0.5 mm grain size fraction of the surface sediment was 
subjected to a sequential extraction as foliows: NH4-acetate for the easi- 
ly leachable fraction (bioavailable), cold NH,OH.HCl for the moderate- 
ly reducible fraction, H202 + NH4-acetate for the oxidisable-organic frac- 
tion, hot NH,OH.HCI in HAc for the acid-reducible fraction, and hot 
HNO, or HF + HClO, + aqua regia for dissolving the residual precipita- 
tion. Each extract was analyzed by flame AAS for Fe, Mn, Zn, Pb, Cu, 
Ni and by flameless AAS for Cd, As. 

The differentiation of metal fractions by sequential chemical extraction 
can be used to assess pollution sources, estimate the bioavailability of metal 
poliutants, and predict the potential remobilization of metals under 
changing environmental conditions. An abundance of metals in the easily 
leachable and organic fractions of lake shore sediments and upper soi1 layers 
usually was indicative of anthropogenic contaminations. 

Key words: environmental geology, soils, lake sediments, chemical analy- 
sis, heavy metals, pollution, Kuopio, Finland 

Marja Liisa Räisänen and Lea Hämäläinen, Geoiogical Survey of Finlana, 
P. 0. Box 1237, SF-70701 Kuopio, Finland 

INTRODUCTION 

The degree of soil pollution is generally esti- 
mated by analysis of the total metal concentration 
and comparison with an appropriate reference soil. 
Although total analyses of heavy metals define un- 
equivocally the total metal load of a polluted soil, 
they do not generally provide a guide to the bio- 
logical availability or mobility of the metal under 
study. 

Selective surface sediment analysis can be of as- 
sistance to monitoring studies of heavy metal pol- 

lution by improving the understanding of metal 
geochemical distributions and bioavailability. Met- 
als in surface and aquatic sediments can be divided 
into those that are relatively immobile in the long 
term (nonlabile metal forms) and those whose mo- 
bility in the short term poses some importance as 
far as risk to the biosphere is concerned (labile met- 
al forms). The geochemical fractions identified 
here are the easily or freely leachable and ex- 
changeable, moderately reducible, oxidisable-or- 
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ganic, acid-reducible and acid-oxidisable fractions. 1989). The labile metal forms readily respond to 
The first three fractions represent labile forms and any changes in physico-chemical conditions of ter- 
the last two nonlabile forms (see also Stewart restrial or aquatic environments (Förstner 1987). 

MATERIALS AND CHEMICAL ANALYSIS 

The lake shore sediments (8) and surface soil 
samples (5) for the selective extraction test were 
collected in the vicinity of industrial plants and in 
the urban Centre of Kuopio in eastern Finland (Ta- 
ble 1). The Ni-contaminated humus sample was 
taken from near the Kotalahti mine in Leppavir- 
ta village. Reference samples were taken at less pol- 
luted sites in the urban Kuopio area and in the ru- 
ral area ('non-polluted'). Lake shore sediments 
were collected under water near root zones of 
aquatic plants within shore oblong sectors of 1 x 
5 m2. Surface soil samples were collected from 
areas of 2 x 1 m2 along soil gradients controlling 
the run of surface waters. 

The air-dried, organic-rich samples were 
homogenized in a Moulinex cutter before sieving. 
The < 0.5 mm grain size fractions of the surface 

soil and sediment were subjected to a sequential 
extraction as follows: 1 M NH4-acetate pH 4.5 
for the easily leachable fraction, cold 0.1 M 
NH,OH.HCI in 0.01 M HNO, for the moderate- 
ly reducible fraction (from Mn precipitations), 
30 % H,O, decomposition + 1 M NH,-acetate pH 
4.5 for the oxidisable-organic fraction, hot 0.25 
M NH,OH.HCI in 25 % HAc for the acid- 
reducible fraction (from Fe precipitations) (Sand- 
ström 1984; see also Badri et al. 1983). The first 
procedure with NH4-acetate was repeated once 
before the second step (Sandström 1984). The 
residual precipitation was extracted for one hour 
at 90 OC with 7.25 M HNO, solution (acid-ox- 
idisable fraction) or dissolved in HF (40 %) + 
HCIO, (70 %) + aqua regia after Sandström 
(1984) (residue fraction). For four test samples the 

Table 1. The heavy metal concentrations (mg/kg dry weight) of test samples. Metal contents are 
calculated as total concentrations of sequential extractions. The L.O.I. values of each sarnple are 
presented in brackets after the sample number. 

Zn Pb Cu Ni Mn As Cd Fe 
vo 

mg/weight 

Lake shore sediments 
polluted urban area 
7010 (19 %) 
7048 (31 %) 
7054 (31 %) 
7056 (53 %) 
6067 (17 %) 
5TS (17 Olo) 
less polluted urban area 
7026 (39 %) 

non-polluted rural area 
6077 (61 %) 

Fe precipitations (near 
industrial plants) 
organic-rich (on the forest 
humus soil) 
11A (56%) 
sand-rich (from the road 
ditch) 
10A (5 %) 

Sand from a road ditch 
(near an accumulator 
breaking plant) 
l o c  (4 %) 

Forest humus (near the 
tailings pond of a Ni-Cu 
mine) 
L1P8 (85 %) 

Less polluted moss (from a 
small lake in Kuopio) 
1VUO (90 %) 90 32 33 26 96 1.4 0.9 0.35 
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sequential extraction was started with buffered for Fe, Mn, Zn, Pb, Cu, Ni and by flameless AAS 
NH,-acetate pH 3.0, 4.5 and 6.0 with successive for Cd, As. The loss on ignition (L.O.I.) was mea- 
extractive times of one hour, three hours and twen- sured for the < 0.5 mm fraction by igniting the 
ty hours. Each extract was analyzed by flarne AAS sample at 475OC. 

RESULTS AND DISCUSSION 

The total concentrations of heavy metals (Zn, were so small, however, that the former dissolu- 
Pb, Cu, Ni, Mn, As, Cd, Fe) were calculated as tion method was used only for a few samples to 
the sum of the concentrations measured in the five test for differences between real total and approx- 
extractions. The test samples represented varying imate total concentrations. The results presented 
degrees of heavy metal pollution (Table 1). Met- in Table 1 are calculated on the basis of the 
als trapped within silicates are released into solu- HNO, extraction. 
tion with the HF-HC10,-aqua regia dissolution Metals (As, Cd, Cu, Mn, Ni, Pb, Zn) were most- 
but not with the hot HNO, extraction. The 
amounts of the silicate trace metals (lithophile) 

1 i polluted (7056) 1 
1 less polluted (7026) 

acid oxidisable b 
acid-reducible 1 

oxidisabieorganic F 
easily leachable 1-1 

Fig. 1. The geochemical fractions of cadmium (Cd) in polluted and 
less polluted lake shore sediments. 

forest humus 
(LI P8) 

lake shore 

acidoxidisable 

acid-reducible 

oxidisableorganic 

rnoderately reducibie 

easilv leachable 

0 10 20 30 40 50 

Ni mglkg 
Fig. 3. The geochemical fractions of nickel (Ni) in forest humus near 
the tailings pond of a Ni-Cu mine (dust pollution) and in polluted 
lake shore sediment. 

polluted (7010) 

acidoxidisable acidoxidisable 

acid-reducible acid-reducible 

oxidisabie-organic oxidisabieorganic 

moderately reducible rnoderately reducible 

easily leachable easily leachable 

0 50 100 150 0 100 200 300 400 500 

Cu mglkg Zn mglkg 
Fig. 2. The geochemical fractions of copper (Cu) in polluted and Fig. 4. The geochemical fractions of zinc (Zn) in polluted and less 
less polluted lake shore sediments. polluted lake shore sediments. 
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acidoxidisable 

acid-reducible 

oxidisable-organic 

moderately reducible 

easily ieachable 

a. Lead (Pb) 

road sand (1 0C) 

lake shore sediment (701 0) 

Fig. 5. The geochemical fractions of arsenic (As) in polluted lake 
shore sediments of low organic content (L.O.I. 19 %, sandy) and 

mg/kg '" 1 
high organic content (L.o.I. 53 %). 

ly in labile form in polluted sediments and gen- 
erally weakly leachable in less polluted sediments 
(Figs. 1-7). Metals except Fe were found in the 
easily leachable fraction or the organic-oxidisable 
fraction in varying concentrations, depending on 
the sample type and its chemical properties and 
pollution degree (Badri and Aston 1983; Förstner 
1987). Cadmium (and in some cases zinc) was mo- 
bile cven in uncontarninated areas, but in small 
amounts (Fig. 1). Lake sediments in rural areas 
were sometimes contarninated with Cd from agri- 
cultural fertilizers. 

Generally , buffered acetate salts are used to 
measure the "availability" of plant nutrients in 
the soil. In this study they were used to determine 
the easily leachable fraction. Ammonium acetate, 
unlike neutrai salts, dissolves metals from coat- 
ings on sediment grains and from organic matter 
(McLaren & Crawford 1973; Gibbs 1973 and 
1977). Ammonium and acetate ions have specific 
complexing effects as well (Neilsen et al. 1986). 
To get the 'total concentration' of the leachable 
fraction, readsorption and precipitation during the 
first extraction can be minimized by repeating the 
ammonium acetate procedure (Sandström 1984). 

With present methods, the quantitative extent 
of bioavailable or toxic metals will be underesti- 
mated. In most cases information is lacking about 
the specific and chemical mechanisms by which or- 
ganisms actively participate in the removal of met- 
als from the solid substrate (Förstner 1987). Met- 
als in the studied easily leachable fraction mostly 
represent water soluble and exchangeable ions. 
These are metabolically active in large quantities 
within the short term and may become mobilized 

easily organic non-labile 
leachable 

b. Zinc (Zn) 

easily organic nonlabile 
leachable 

Fig. 6. (a) The lead (Pb) and (b) zinc (Zn) contents of the easily 
leachable, organic and nonlabile fractions of polluted surface soils 
and lake shore sediments. Further explanations of sample types are 
presented in Table 1 .  
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a. Manganese (Mn) 

H lake shore sediment (5A) 

Fe-precipitation (1 1 A) 

easily rnoderately oxidisable- acid- acid- 
leachable reducible organic reducible oxidisable 

b: Iron (Fe) 

easily rnoderately oxidisable- acid- acid- 
leachable reducible organic reducible oxidisable 

Fig. 7. The geochemical fractions of a) manganese (Mn) and b) iron (Fe) in polluted 
surface soi1 and lake shore sediment. Further explanations of sample types are presented 
in Table 1. 

in surface water, groundwater or plants in changed bility of heavy metals through the complexation 
conditions. and chelation (Fig. 5, see also Fig. 2). According 

Oxidizing with peroxide (H202) before ammo- to Badri and Aston (1983), the affinity of metals 
nium acetate extraction releases organicaily bound for organic matter varies from metal to metal but 
metals from samples of varying organic content. also from one organic materia1 to another (see also 
The organic content of shore sediments and sur- Fig. 6). 
face soils in some cases seems to control the solu- Hydroxylamine hydrochloride (NH,OH.HCl) 
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is a mild reducing agent that releases manganese the decomposition with peroxide. A solution of 
and other metals from Mn-oxides (Chao 1972). NH,OH.HCl in acetic acid at 80°C extracts 
The samples studied here contained lower concen- heavy metals bound to Fe/Mn oxides of a range 
trations of heavy metals in Mn-oxides (Figs. 1-5) of chrystallinities (Hickey & Kittrick 1984). Com- 
than those reported by Sandström (1984) in the parison of the distributions of iron and manganese 
vicinity of a sulphide mineralization, though in in the sequential extraction procedure shows Mn 
a few tests the extraction was carried out after to favor more soluble fractions than Fe (Fig. 7). 

CONCLUSIONS 

Within sediments and surface soils the heavy 
metals exist in several states of varying mobility, 
leachability and bio- availability. The differen- 
tiation of metal fractions by sequential chemical 
extractions allows an assessment of sources, esti- 
mation of bioavailability of metal pollutants, and 
estimation of the potential remobilization of met- 
als under changing environmental conditions 
(Förstner 1987). The remobilization can also be 
estimated by using two separate extractions: 
buffered salt extraction for the easily leachable 
fraction and strong acid dissolution for the total 
metal concentration. 

On the other hand, selectivity of the extractant 
for a certain fraction is not one hundred percent. 
Detailed studies are needed on what the different 
extractants do in fact extract. Many extractants 
have a double or mixed action (Stewart 1989). For 
example, peroxide decomposition activates not 
only organic compounds but also Mn-oxides and 

sulphides (Chao et al. 1977; Miller et al. 1986). 
Our tests have shown, moreover, that pH, redox 
reactions and reaction time as well as heterogeneity 
of metal distributions in a sample to affect the 
metal contents of supernatants. 

The abundance of metals in the easily leachable 
and organic -0xidisable fractions of the lake shore 
sediments and the upper soil layers usually was in- 
dicative of anthropogenic contarnination. The met- 
als of the easily leachable fraction may con- 
taminate the surface water percolating down to the 
groundwater or the lake water in the beach zone 
within a shorter term than metals of the organic 
fraction. The remobility of heavy metals in organic 
complexes and chelates depends on the decom- 
posing activity of bacteria and the solubility of or- 
ganic compounds. The relatively immobile met- 
als are trapped in silicate minerals and Fe-oxides 
of long-term precipitations. 
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AT THREE FINNISH MINES 

by 
Jouko Saarela 

Saarela, Jouko, 1991. Geotechnical properties and environmental effects 
of tailings dams and areas at three Finnish mines. Geological Survey of 
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The geotechnical properties and environmental effects of tailings were 
investigated with the purpose of evaluating the need for continued obser- 
vations of the full tailings areas of closed mines. Field research was done 
at Kotalahti, Vihanti and Lahnaslampi mines. 

The results suggest that continued observation of full tailings areas for 
their geotechnical properties is unnecessary because they dry quickly. This 
assumes, however, that they are allowed to dry and that outside waters 
do not seep in. Seepage and erosion can be serious problems in tailings 
areas while in use. But in full tailings areas they are not a problem, be- 
cause vonds drv fast. 

~nvironmentk consequences of tailings were investigated by sampling 
water and soil in and around tailings areas and comparing the results of 
analyses for selected metals with Finnish drinking standards and the EPA 
recommendation respectively. The results show that around ail tailings areas 
exceed the limits in standards for both water and soil in the concentra- 
tions of Fe, Ni, Cd, Mn and Cr. Metal concentrations clearly should be 
followed in the future around tailings areas. 

Key words: mines, tailings, engineering properties, environmental geology, 
ground water, heavy metals, Finland 

Jouko Saarela, National Board of Waters and the Environment Geotech- 
nical Design and Research. P.O. Box 250, SF-00101 Helsinki, Finland. 

INTRODUCTION 

This study on the geotechnical properties and 
environmental effects of tailings is part of the 
tailings dam project of the National Board of 
Waters and Environment. Earlier parts of the pro- 
ject have included an inventory of tailing dams and 
waste ponds and the hazard potential associated 
with by different types of dammed wastes. In the 
course of the project Dam Safety Code detailing 
structural requirements and safety inspections of 

waste dams was issued. The study was done in the 
Technical Research Office of the National Board 
of Waters and Environment. 

Research on the geotechnical properties and en- 
vironmental effects of tailings was done to evalu- 
ate the need for continued observations of the full 
tailings areas of closed mines. Field research was 
done at the Kotalahti, Vihanti and Lahnaslampi 
mines in 1987-1988. Geotechnical properties of 
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tailings were studied in the Laboratory of Soil concentrations of soi1 samples were determined at 
Mechanics and Foundation Engineering of the the Geological Research Centre in Kuopio. 
Helsinki University of Technology and the metal 

GEOTECHNICAL PROPERTIES 

The following geotechnical properties were in- Figure 1 shows the research lines in the Kotalahti 
vestigated in the tailings samples: grain size, wa- tailings area. Figure 2 shows the tailings area at 
ter content, permeability, unit weight and strength. Vihanti. 
Samples were taken along several different lines Soil samples for grain size measurements were 
in all the tailings areas and undisturbed and dis- taken at depths of 1 .O-22.5 m. The grain size 
turbed samples were taken at depths of 1.0- curves of all samples taken from the tailings area 
22.5 m. of Vihanti mine are shown in Figure 3. Curves for 

Fig. 1. The research lines in the tailings area at Kotalahti mine. 
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Fig. 2. The tailings area at Vihanti miae. 

GRAIN SIZE 
Fig. 3 .  Grain size of tailings at Vihanti mine. 

all three tailings areas were much the same. Sam- Variations in water content in different parts 
pled materials included silt, sandy silt and silty and of different depths (5-10 m) of the tailings 
sand. area at Kotalahti are shown in Figure 4. 

Water content of soils in the tailings areas was Permeability and unit weight were investigated 
evaluated the samples taken at depths of 1-20 m. along research lines at depths of 1.3-1 1.8 m. 
In the Kotalahti tailings area contents were the fol- Permeability was between 10-3." and 10-'.13 m/ 
lowing : sec and unit weight between 14.2 and 21.3 KN/ 

m3. 
Samples for three-axial testing were taken from 

depths of 1.35-3.7 m. The strength of un- 
disturbed samples in three-axial testing was 

Depth 
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Fig. 4. Variations in water concentration with depth (5-20 m) along the research Iines in the tailings area at Kotalahti mine. 

0' = 36.7-36.9~ and C' = 7.5-18.8 KPa. Figure 
5 shows a sample after three-axial testing. 

The results of the geotechnical studies suggest 
that further observations of full tailing areas are 
unnecessary because ponds dry quickly and the sta- 
bility of dams is adequate. However this assumes 
that ponds are indeed allowed to dry, water does 
not flow in and that dams are properly designed. 
The stability calculations were made for long term 
stability, in which the change in pore pressure 
(A u) has reached a final value. The stability of 
the whole dams is Fmin. 2.32-2.91 and the sta- 

1 bility of slopes Fmin. 2.39-3.25. Seepage and ero- 
sion can be a serious problem in tailings areas while 
in use, but in full and closed areas they are not 
a problem, because ponds dry fast. 

Fig. 5. The tailings sample after three-axial testing. The sample was 
taken from the tailings area a t  Vihanti mine. 

ENVIRONMENTAL EFFECTS OF TAILINGS 

Environmental consequences of tailings were samples were compared with the results of the 
studied by taking ground water and soi1 samples yearly obligatory sampling done in a wider area 
in the vicinity of tailings areas and determining the around the tailings areas. The purpose of the com- 
metal concentrations. Results for ground water parison was to discover how widely the higher 
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metal contents in the ground waters are spread in 
the vicinity of tailings areas. Results were also com- 
pared with Finnish drinking water standards and 
with the permissions given by water courts as they 
concern waste waters @am safety ... 1985, Lou- 
kola 1985, LOukola et al... 1985, Safety code ... 
1986). According to the findings, metal concen- 
trations in ground water are elevated in immedi- 
ate vicinity of the tailings area. Metal concentra- 
tions in soil samples were compared with the max- 
imum vaiues in the EPA (U.S. Environmental Pro- 
tection Agency) recommendation for polluted soil. 
The results show from the vicinity of all tailings 
areas higher metal concentrations than recom- 
mended lirnits in water and soil samples of Fe, Ni, 

Cd, Mn and Cr (Saarela 1986, 1987). Clearly en- 
vironmental observations should be continued to 
see how metal concentrations vary in the future 
near by tailings areas. . 

It should be noted that the requirements re- 
garding waste waters specified in the permissions 
granted by the water courts were fulfilled at all 
mines. This study was concerned only with the vi- 
cinity of the tailings areas. 

Table 1 shows the metal concentrations in 
ground water samples taken at Kotalahti mine ex- 
ceeding drinking water standards. Table 2 shows 
the metal concentrations in soil samples exceed- 
ing EPA recommendations for polluted soils taken 
at Kotalahti mine. 

Table 1. Metal concentrations in water samples taken from around the Kotalahti 
tailings area exceeding the limits of drinking water standards. 

Sampling 
point 

Metal concentration (pg 1-1) 

Cd Mn Fe 

* Muddy sample, sulfurous smell 

Table 2. Metal concentrations soil samples taken from around the Kotalahti tailings area exceeding 
the EPA recommendation for the polluted soil. 

Sampling Depth Metal Concen- 
EPA rec- (ml ommended tration 
point (mg kg-') (mg kg-') 
I I l M .  

T2 
T2* 
T2* 
T2* 
T2 
T3* 
T4** 
t4** 
L1P8 1 
L1P8 1 
L1P8 1 
Ali points 
exceDt LlP7** 

humus 
0.9-1.1 
1.9-2.1 
2.9-3.1 
3.9-4.1 
2.0 
surface sample 
>> 
(bottom sludge of the pond) 
)) 

>> 

max. 12 000 

* mixed with humus during sampling 
** sludge caused by the leakage of the dam 
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RELATION BETWEEN TILL GEOCHEMISTRY AND 
THE OCCURRENCE OF SCLERODERRIS CANKER 

IN FINLAND 

by 
Pertti Hari, Alf Björklund, Hannu Rita and Anneli Ylimartimo 

Hari, P., Björklund, A., Rita, H. & Yiimartimo, A., 1991. Relation be- 
tween till geochemistry and the occurrence of scleroderris canker in Fin- 
land. Geological Survey o f Finland, Special Paper 9, 169- 175, 3 figures. 

Till samples were collected at a density of 1 site/300 km1 for the Geo- 
chemical Atlas of Finland and at a density of 1 siteM km2 for the Geolog- 
ical Survey of Finland. The < 0.06 mm fraction of composite till sarnples 
was leached for 1 h in 7 N aqua regia and analyzed by ICP. A geochemi- 
cal index (GEI), formulated as (K + Mg + Ca)-(Al + Fe + Mn), was devel- 
oped based on knowledge of the effects of acid deposition and tree nutri- 
tion. The occurrence of scleroderris canker damage caused by the fungus 
Ascocalyx abietina (Lagerb.) Schlapfer was studied in the neighborhood 
of each sampling point for the Geochemical Atlas of Finland in an area 
in southern Finland rneasuring 100 km x 300 km. For each of the 80 studied 
stands the sum of the proportion of the recovered, browning, and dead 
crowns was calculated and used as a disease index. The 20 stands with the 
lowest and 20 stands with the highest GEI values were compared using 
the Mann-Whitney U-test. The low GEI group had a higher disease index 
mean and the hypothesis of equal means was rejected with the p-value of 
3.15 %. The results suggest that the geochemistry of till and the occur- 
rence of scleroderris canker are related to each other or to some other 
related property. The areas susceptible to scleroderris canker in Finland 
are predicted using geochemical maps based on the GEI. 

Key words: environmental geology, Coniferales, scleroderris canker, 
geochemical methods, till, acidification, buffers, Finland 
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INTRODUCTION 

Scleroderris canker is caused by a microfungus fungus often grows with no serious symptoms in 
that attacks coniferous shoots. The pathogen suppressed branches weakened by reduced assimi- 
Ascocalyx abietina (Lagerb.) Schlaepfer-Bernhard lation. Now and then the disease has broken out, 
and its conidial stage Brunchorstiapinea (Karst.) but the frequency has been recorded very sporad- 
v.Höhn. are endernic in Finland (Kujala 1950). The ically; consequently it is difficult to judge wheth- 



Geological Survey of Finland, Special Paper 9 
Pertti Hari, Alf Björklund, Hannu Rita and Anneli Ylimartimo 

er there have.been changes in its prevalence dur- 
ing the first half of this century. The first severe 
scleroderris canker damage to Scots pine in Fin- 
land was reported in the 1960's. Since then, an in- 
crease in the damaged area has been observed af- 
ter every cold and rainy summer. For instance, in 
the Korkeakoski Forest District of the National 
Board of Forestry the slightly damaged area has 
increased to 6000 hectares during the last fifteen 
years (Information. . .). Also Suninen (1989) re- 
ports clear increase in the darnaged area in an ex- 
perimental stand during 1978-1988. 

These recent observations may indicate an in- 
tensified interaction between trees and fungus, or 
they may reflect an increased attention to disease 
symptoms. A number of factors such as unfavor- 
able climatic conditions (cold summers), site fac- 
tors, change in forestry practices, and N fertiliza- 
tion may predispose pine to scleroderris canker 
(Donaubauer 1972, Skilling 1972, Kurkela 1984, 
Aalto-Kallonen & Kurkela 1985, Kallio et al. 1985, 
Pätilä & Uotila 1990). The effect of acid deposi- 
tion may also play a role; the recent damage in 
Sweden, Norway, and the USA is reported from 
areas having a considerable acid load (Barklund 
& Rowe 1981, Bragg & Manion 1984, Barklund 
1985 and 1989). According to Bragg & Manion 
(1984), low soil pH seems to be related to higher 
disease rates. Further nitrogen deposition in forests 
may increase susceptibility to scleroderris canker 
in the same way as fertilizers do. 

Important factors governing the acidity and the 
amount of exchangeable base cations in Finnish 
forest soils are the mineralogy and the grain-size 
distribution of the parent glacial till, sand, grav- 
el, and postglacial marine and lacustrine sedi- 
ments. The mineralogy of these is related to the 
bedrock geology. The most important long-term 
acid neutralization occurs by weathering. The 
Finnish bedrock is largely composed of acid in- 
trusive rocks and gneisses which are high in min- 
erals resistant to weathering such as quartz and 
K-Na feldspars. Therefore, large regions are cov- 
ered with overburden in which weathering is in- 
sufficient to compensate for an increasing acid 
load. 

At high cation exchange capacity and high base 
saturation the buffering of the soil solution occurs 
through exchange of protons for cations in the ex- 
changeable sites of soil particles. 

It has been found, both theoretically and ex- 
perimentally, that the addition of acid to soil 
results in the decrease of base saturation (Matz- 
ner 1989, Holmberg et al. 1989, Nissinen & Ilves- 
niemi 1990). The decreasing concentration of base 
cations on soil particles is reflected in the availa- 
bility of base cations. Nutrient deficiencies caused 
by acid deposition have been noticed in Central 
Europe (e.g. Zech & Popp 1983, Förster 1990). In 
southern Finland the first available results suggest 
that over the period 1970 to 1989 the base satura- 
tion and the pH of forest soil layer to a depth of 
60 cm have decreased (Westman 1990). Natural 
pH (0.025 M NH,NO,) values below 5 in soil 
parent materia1 have been reported by Räisänen 
(1989). At about pH 4 and lower the protons in 
solution exchange for Fe and for Al in Al-hydroxy 
interlayered clay minerals (Räisänen 1988, Räisä- 
nen & Jaloniemi 1990). High contents of Al, Fe, 
and their compounds, as well as of a number of 
heavy metals mobilized at low pH, are toxic to 
vegetation. 

It is assumed that in areas where the overbur- 
den is low in easily weathered minerals, the sup- 
ply of Ca, Mg, and K is insufficient to compen- 
sate for the loss by exchange with protons and sub- 
sequent leaching caused by an increasing acid load. 
Further it is assumed that decreased pH in such 
areas causes mobilization of toxic amounts of Al, 
Fe, and Mn. 

The Geological Survey of Finland is carrying out 
a large-scale mapping of the geochemistry of the 
fine-grained fraction of till (< 0.06 mm; the most 
important pool of exchangeable elements). In the 
present paper we study the relation between the 
geochemistry of till and the occurrence of scle- 
roderris canker, and indicate the potential of geo- 
chemical maps for prediction of areas susceptible 
to this disease. 

MATERIAL AND METHODS 

An area in southern Finland measuring 100 km site/300 km2, 80 sites in all, had been analyzed 
x 300 km (Fig. 1) was chosen to study the rela- for the Geochemical Atlas of Finland. Further, in 
tion between the geochemistry of till and the fre- some parts of the country composite till samples 
quency of scleroderris canker. Within this area, had been collected at a higher density of one site/4 
composite till samples collected at a density of one km2 by the Geological Survey of Finland. The till 



Fig. 1. The study area measuring 100 km x 300 km. 
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samples are from a depth of 1-2 m, which is well 
below the sai1 horizon in this area. After drying, 
< 0.06 mm fraction was sieved from the samples 
and leached at + 80°C for 1 h in 7N aqua regia. 
An extract was analyzed by induction-coupled 
plasma atomic emission spectrometry (ICP). 

An index was developed based on knowledge of 
the effects of acid deposition on soil properties and 
tree nutrition . The values of the variables describ- 
ing the concentrations of K, Mg, Ca, Al, Fe, and 
Mn were standardized. The first principal compo- 
nent coefficients of these variables were roughly 
equal. This supported the choice of equal weights 
in the definition of the index, which we here call 
the GEI (Geochemical Environmental Index): 
(K + Mg + Ca)-(Al + Fe + Mn). We use this index 
to describe the geochemical properties of till. 

Unfortunately, there is no systematic inventory 
of the area of damage by scleroderris canker in 
Finland; the available records are sporadic and 
often based on subjective observations. To obtain 
a more quantitative picture of the frequency of 
scleroderris canker an experimental survey was ar- 

ranged in July, 1986, in southern Finland in the 
above-mentioned 100 kmx 300 km area. The 
method was to involve a quick-survey to estimate 
the disease intensity near by the geochemical sur- 
vey points. The most severely damaged young pine 
stand not more than in the 0.5 km neighborhood 
of each geochemical sampling point was chosen. 
In each standthe proportion of all trees having 1) 
recovered crowns with one or more changes of a 
leading shoot, 2) crowns with recent browning of 
shoots, and 3) dead crowns was measured. The 
sum of the values of these three response variables 
was then calculated for each stand to describe the 
long-term situation of damage occurrence. We use 
this sum as a disease index. 

The 80 pine stands surveyed were ranked accord- 
ing to the value of the GEI, and 20 stands with 
the lowest and 20 stands with the highest GEI 
values were chosen for the comparison. Owing to 
the strong skewness of the distribution of the dis- 
ease index these two chosen pine-stand-groups 
were compared using the Mann-Whitney U-test. 

RESULTS AND DISCUSSION 

It has been normal practice to predict the geo- 
chemistry of glacial overburden on the basis of the 
known geology of the bedrock. Accordingly, 
predictions of the acidification sensitivity of soil 
in an area have been made on the basis of bedrock- 
geological maps (Kommitten Miljö 1982, Shilts 
1981). Recent geochemical maps over large regions 
- e.g. maps of the Nordkalott project (Be~lviken 
et al. 1986), maps of the Geochemical Atlas of Fin- 
land, and maps of the Geological Survey of Fin- 
land - show that the areal distribution of the 
aqua-regia extractable contents of most elements 
correlates with the main bedrock units only to a 
limited extent. The reason for the disagreement 
and the source of increased contents unrelated to 
bedrock geology has not yet been explained. Björk- 
lund (1988a, b), who pointed out this feature, sug- 
gests a relation between past hydrothermal process- 
es, with related alteration and metal enrichment 
in the bedrock, and an increase in the mobile 
phases of elements in the overlying glacial drift. 
He suggests that deep salt groundwater and 
ascending geogas may play an important role in 
the transport and enrichment of the mobile phase 
of elements in overburden. 

The pine stands in the lowest quartile of the GEI 
value had a higher disease index mean than the 
pine stands in the highest quartile. We used the 
Mann-Whitney U-procedure to test the hypothe- 
sis of equal means and were able to reject it with 
the p-value of 3.15 %. Areas susceptible to 
scleroderris canker can thus be predicted using the 
GEI (Figs. 2 and 3). Figure 2 shows a color image 
of the moving median (Björklund & Gustavsson, 
1987) for GEI based on the data of the Geochem- 
ical Atlas of Finland. The color image of the 
moving median of GEI in Fig. 3 is based on the 
denser sampling grid of the Geological Survey of 
Finland. Because there is no systematic inventory 
of the area damaged by scleroderris canker in Fin- 
land the compatibility of the damaged area with 
the prediction in the Figs. 2 and 3 cannot be tested. 
The disease frequency has been recorded very spo- 
radically and the records are often based on sub- 
jective observations. A more detailed, long-term 
survey of the damage by scleroderris canker in Fin- 
land is needed. 

The results of the present study give support to 
the hypothesis that till geochemistry and the oc- 
currence of scleroderris canker are related to each 
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Fig. 2. The moving median for GEI, (K + Mg + Ca)-(Mn + Fe + Al), based on the data of the Geochemical Atlas 
of Finland. 
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Fig. 3. The moving median for GEI, (K + Mg + Ca)-(Mn + Fe + AI), based on regional geochemicai data of the OeologicaI Survey of Finland. 

other or to some other related property. The GEI to cation nutrient shortage being faster on soils 
may be interpreted as an estirnate of the acid neu- with low GEI than on other soils. But the mecha- 
tralizing capacity of till (cf. de Vries & Breeuws- nism of the possible influence of till geochemis- 
ma 1987). The accelerated cation leaching induced try on the occurrence of scleroderris canker re- 
by increased H+ input in precipitation may lead mains to be studied. 
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As a result of aerotechnogenic contamination a flora degradation is 
progressing all over the Murmansk region. The degree of the ecological 
disturbance varies from technogenic waste land around the industrial centers 
where flora are completely lacking, to seemingly satisfactory forests. By 
the degree of ecosystem disturbances the Murmansk region can be divided 
into the foilowing six zones: 

1. Zones of complete ecosystem disturbance (technogenic waste land) 
around the industrial centers, the largest ones locating around the Cu-Ni 
plants. Their total area is about 600-700 km2. The annual fall of S is about 
20-25 tons/km2 and the fall of Ni, Cu, Mn and Zn is 5-6 tons/km2. 
The concentrations of contaminating substances in two years old spruce 
needles are as follows: 3150 mg/kg S, 400-90 mg/kg Ni and 210-80 
mg/kg Cu. 

2. Zone with strongly disturbed ecosystem next to the technogenic waste 
land. The total area is about 900-1000 km2. The annual fall of S is 
3-5 tons/km2 and the fail of Ni, Cu, Mn and Zn varies from 2 to 
4 tons/km2. Spruce and pine trees are almost completely lacking and only 
single birch bushes have survived. The concentrations of contaminating 
substances in needles are: 3200-2300 mg/kg S, 150-60 mg/kg Ni and 
90-60 mg/kg Cu. 

3 . 4 .  The next two zones represent the gradual change towards the fifth 
zone which is the first observable stage of the ecosystem degradation. 

5. Differing from the previous zones of the ecosystem degradation the 
fifth zone continues uninterruptedly from the "Pechenganickel" Combinate 
to Murmansk and Kandalaksha and then to the Yeno-Kovdor region. This 
zone has total area of 48 000-55 000 km2. The fail of S is 1-2 tons/km2 
and the fall of the previously mentioned metals is 0.05-0.5 ton/km2 an- 
nually. The degradation in the fifth zones has following characters: the 
spruce needles do not reach the normal biologically accessible age, lichens 
and white peat mosses are scanty; in the previous zones they are lacking. 
The spruce needles still contain high amounts of S (50-1500 mg/kg), Ni 
(5-20 mg/kg) and Cu (5-25 mg/kg). 

6. The sixth zone is located on the westem and eastern sides of the arched 
fifth zone and it revresents a seemingly satisfactory forest ecosystem. The 
fall of S is 50-1000 kg/km2 and the fall of the metais is some tens of 
kilograms per km2 annually. The concentration of S in spruce needles is 
900-300 mg/kg and that of Ni and Cu is about 1 mg/kg. Surface waters 
are slightly acidified. Under the existing conditions all degradation zones 
of the northern taiga ecosystem will expand. 

Key words: pollution, taiga environment, ecosystems, heavy metals, plants, 
needles, Kola Peninsula, Murmansk, USSR 

Vasily V. Kryushkov, Institute o f Industrial Ecology, Kola Science Centre 
o f the USSR Academy o f Sciences. 14 Fersman Str., 184200 Apatity, Mur- 
mansk Region, USSR 
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INTRODUCTION 

The Kola North is one of the most heavily in- Industrial pollution of the air of the Kola North 
dustrialized regions in the USSR and within the is causing extensive damage to vegetation through- 
Arctic Circle. Important industrial enterprises in- out the region. The extent of destruction and dis- 
clude the Pechenganickel and Severonickel rnining turbance of ecosystems varies - from the waste- 
companies, the Kovdor and Lovozero Apatite land in the immediate vicinity of industrial centers 
companies and the Kandalaksha alurninum plant. where vegetation no longer exists and soi1 has been 

Kovdoc - 
Arctic Circle -- - - --- _ _ _ _  _ 

Fig. 1. Zones of increasing poiiution and ecosystem degradation in the Murmansk region. Sampling and monitoring sites 
(1-8) in the figures 5, 6 and 7 between Apatity and Monchegorsk. 
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I I r o n e a  zone 4 I zone s 
4-10 5-72 t 6-15 4 G-15---)(-30-100- km 

Fig. 2. The five zones of ecosystem degradation: 1) Wasteland, 2) Birch elfin forest-tundra, 3) Substantiaily destroyed ecosystem, 4) Initiai 
stage of ecosystem degradation and 5) The very initial stage of ecosystem degradation. Estimated deposition of sulfate and metals. 

poisoned, to forests that continue to look attrac- mental quality in the degraded ecosystem zones to 
tive. Five zones can be distinguished in the Mur- the south of the Severonickel nickel smelter (at 
mansk region, according to the extent of destruc- Monchegorsk) is described in Table 1 and below. 
tion of ecosystems (Figs. 1 and 2). The environ- 

Table 1. Environmental quality in the five zones of ecosystem transformation south of the Severonickel Company smelter. 

Zones of ecosystem pH of Average annual and maximum Concentration in Annual pollutant 
transformation rain concentrations in air (mg/m3) soi1 (mg/kg) accumulation in 

water (dry soil, up transplanted 
to 10 cm) Hypogymnia phisodes 

(mg/kg, dry weight) 

so2 Ni Cu Dust Ni Cu S Ni Cu 

Zone 1 - wasteland 4.5-4.7 0.2- 0.3- 0.3- 1.0- 2000- 1000- 1660 2780 4010 
1.2 1 .O 1 .O 3.0 4000 2000 

(in lowlands, 
in organic litter) 

4.3-4.7 0.9- 0.2- 0.2- 
1.2 0.9 0.8 200- 200- 1590 610 1110 

300 400 

Zone II - elfin 
birch forest - tundra 

Zone II1 - substan- 4.2-4.8 0.08- 
tially destroyed 1 .O 
ecosystems 
Zone IV - initial 4.3-4.9 0.07- 
stage of ecosystem 0.09 
degradation 
Zone V - the very 4.3-4.9 0.05- 0.005- 0.005- 0.004- 40- 2 0 -  1007 110 84 
initial stage of 0.08 0.006 0.006 0.008 60 40 
ecosystem degradation 

HEAVY METAL ACCUMULATION IN SPRUCE 

In the natural environment spruce Picea obovata period (November- April), the quantity of pol- 
needles have a lifespan of 15-16 years. The more lutants accumulated in needles is more or less in- 
contaminated the environment and the higher the dependent of the age of the needles. Observations 
pollutant concentration in needles, the shorter is were based on 2-year old needles and those of max- 
the lifespan of needles, and also of the tree (Fig. imum age, from 5 to 12 years old. 
8). Analyses have shown that, during the winter Six to eight days before the spring appearance 
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16 years  6 years  2 years 

Ni - 0.0002 mg/m3 Ni 0.0 1-0.5 mg/m3 Ni 0.09-1.0 mg/m3 

S02  0.009-0.005 mg/m3 S02  0.08-1.0 mg/m3 S02  0.6-1.0 mg/m3 

Dust 0 .0  1-0.02 mg/m3 Dust 0.09-1.0 mg/m3 Dust 1 .O- 1.5 mg/m3 

Fig. 3. Maximum age of spruce needles and typical concentration of Ni (soluble salts), SO, and dust in surrounding air. 

of new needles, large amounts of metals were 
found in 2-year buds and 2-year old needles, in 
all zones. The concentrations were highest in zones 
1 (wasteland) and II (elfin birch forest - tundra). 
A week before the buds began to Open and the 
shoots to grow, the Ni concentration in buds of 
solitary prostrate stunted spruce in (zone 1) was 
3 17 mg/kg, the Cu concentration 219 mg/kg and 
the sum of metals (Ni, Cu, Zn, Pb, Mn) 1294 
mg/kg. Metal concentrations were somewhat 
lower in 2-year needles of the same trees at the 
same period of time: Ni 178.7 mg/kg, Cu 73.7 
mg/kg and the sum of metals 785.3 mg/kg (see 
Fig . 6). These levels are lethal (cf. Table 2). Seven 
to nine days after the needles had appeared and 
the length of new spruce shoots had reached 1.5- 
2.0 cm (zones I-II) and 4-6 cm (zone IV), total 
metal concentrations were measured in the new 
needles. In zones 111-IV the concentrations were 
100-150 mg/kg and in zones I-II 300-400 mg/ 
kg less. 

The 2-year needles were collected for analysis 
because this is the maximum age for needles in the 

heavily polluted zones. In other zones needles have 
a normal lifespan of maximum 14 to 16 years. The 
possible effect of different ages of needles on the 
pollutant accumulation was thus excluded by sam- 
pling only 2-year needles. In about 3 months, i.e. 
by the end of August, the sum of metals in the 
two-year needles had decreases significantly in 
zones 1 and II (Fig. 3). During the growing period 
a mass die-off of spruce was observed in zones 
I-II. 

The lethal levels of non-ferrous metals in nee- 
dles and buds, which causes a mass dying off of 
needles, are shown in Table 2. These levels are 
found in the first, second and third zones of eco- 
system degradation. But even in zones far from 
industrial centers (IV, V), non-ferrous metal con- 

Table 2. Lethal concentrations of non-ferrous metal in spruce nee- 
dles and buds (mg/kg). 

metals s~ruce needles s~ruce buds 
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centration in needles of different ages may be at which results in dying of the needles and eventually 
about or even in excess of the lethal level, both the tops of the trees. 
in the early part of the growing season and later, 

BUD AND TREE DEATH OF SPRUCE AND BIRCH 

In addition to non-ferrous metal concentrations 
in the air, trees are affected by many other pol- 
lutants discharged by the Severonickel Company, 
especially sulfur dioxide. To study the effect of 
pollutants in general, we counted the numbers of 
living and dead spruce and birch buds in periods 
of one year and zones of ecosystem degradation. 
Observations were made in April when the aver- 
age daily temperature was below zero, and the 

snow cover was maximum. The procedure was the 
following: 

On several plots of 1 hectare, five zones in all, 
one branch from ten spruce and ten birch trees dis- 
tributed more or less evenly over the plot were cutt 
off; the branch length being 50-60 cm. The 
branches were placed in glass vessels, partially 
filled with water, in a warm room (+ 18 to + 20). 
A thermograph was set up nearby. After 8-10 

Ni 0.09-1.0 mg/m3 Ni 0.08-1.0 mg/m3 Ni 0.01-0.1 mg/m3 

S 0 2  0.8-1.5 mg/m3 S 0 2  0.6-1.0 mg/m3 S 0 2  0.05-0.5 mg/m3 

Dust 1 .O- 1.5 mg/m3 Dust 0.09- 1.0 mg/m3 Dust 0.07-0.09 mg/m3 
Fig. 4. Birch degradation and typical concentrations of Ni (soluble salts), SO, and dust in surrounding air. 

Table 3. Opening of spruce and birch buds in the five zones of ecosystem degradation. 

Sampling area Tree % of open buds 

April between June 20th 
and 30th 

Zone 1 Birch 61-65 % 50-53 Vo 
wasteland Spruce - - 
Zone II - birch elfin forest - 
tundra 
Zone II1 - substantially 
destroyed ecosystems 
Zone IV - initial stage of 
ecosystem degradation 

Birch 
Spruce 
Birch 
Spruce 
Birch 
Spruce 

Zone V - the very initial stage of Birch 95-100 % 95-99 % 
ecosystem degradation Spruce 90-95 % 88-90 Qo 
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2011. 2 2o.m 1 20- 2 ZOM 8 Zona 2 Zonm 1 zonm 2 Zonm s 

Fig. 5. The concentrations of Ni aad Cu in vegetative gruce buds Fig. 6. Total concentrations of Ni, Cu, Co, Zn, Mn and Pb in two- 
in the four zones of ccosystem degradation near by the Severonickel year-old sproce ncedles and vegetative buds in the three mnes of eco- 
smelter (Monchegorsk). June 6. 1989. Sampimg sites (1-8) are shown sys'tem degradation near by the Severonickel smolter (Monchegorsk). 
in Fig. 1. Sampling sites (1-8) are shown in Fig. 1. 

days the birch leaves appeared and 2-3 days later 
the spruce buds opened and the needles began to 
grow. A count was then made of living and dead 
buds. 

A second calculation was made in-site in the 
forest (without cutting of the branches) after bud 
opening - usually in the third week of June. In 
this case the lower part of the branches observed 
(50-60 cm in length) was marked with a colored 
thread. The work was carried out in the same plots 
and with the same amount of branches as in April. 

The investigations on spruce and birch gave ap- 

proximately the same results: in April (in winter) 
there were always more live buds than dead ones 
(Table 3); in June the reverse was true. The rea- 
son could be that, when growth begins in a warm 
period, the buds accumulate pollutants (see above) 
and die before opening. This is the first and, ap- 
parently, the most massive stage of tree dying, the 
second stage occur when buds and needles die off 
later in the growing season. Tree death occurs in 
all ecosystem degradation zones, and expands 
there, but particularly the first and second zones. 
In the third and fourth zones the old spruces die, 

Spruce needles 

Fig. 7. The concentrations of Ni and Cu in spruee n d e s  in the ta- 1-z 1 z-.a 1 1 
four mes of ecosystem dmdation tisar by the Severonickel smelter Fig. 8. M e  of spnice noedles and lifsspan of trees, varying with 
(Monchegorsk). Sampling sites (1-8) are shown in Eig. 1. avironmpdtal quaiity and distance from pollution source. 
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typically starting from the tree top, then the 
branches die on the wind side, then on the lee side 
and finally the branches that creep along the 
ground which are covered with snow in winter. 

Birch die in a somewhat different manner than 
spruce, typically late in June, early in July, when 
the trees have broken into leaf and are in early bud. 
In contaminated air such as described above, the 
leaves and buds begin to die. Leaves become 
brown. Some trees begin to sprout from dormant 
buds (Fig. 4). Such shoots are found on 30-50 % 
of afflicted trees. Once sprouting begins, a clump 
of shoots very soon appears a sign that the trunk 
is dying. When the same happens to these shoots, 

the clump becomes a lower and thinner bush. For 
a long period of time (5-10 years) dead branches 
of the older shoots are a sad rerninder of the dying 
of the tree. Continued heavy pollution leads on 
to the death of the bottom bush, which now too 
is affected by the pollution. In due time the restora- 
tive potential of the last shoots is exhausted and 
the plant dies utterly. Such a tree appears rather 
"ornamental": a vertical rotten trunk of 8-15 m 
high, inclined trunks of 2-3 m high and a birch 
bush with dead branches 1-2 m high, or even 
lower (Fig. 4). These trunks and the bush record 
the successive transformation of a dying plant. 

THE FUTURE OF KOLA NORTH 

Twelve years of observations (since 1978, in 
April - using cut-off branches in laboratory 
conditions, in June - at monitoring sites) and 
processing of phenological and meteorological 
data suggests to me the following forecast of eco- 
system changes in the Kola North (in this scenario 
contamination does not decrease). 

If regional deforestation continues through 
forest devastation due to air and soil pollution, 
harvesting over and above the calculated cut and 
spruces - the north taiga zone will gradually be 

taken over by misshapen birch. Treeless areas will 
expand as soil and climatic conditions deteriorate: 
wind effect is intensif (with the formation of flat- 
tened and dwarfish prostrate trees), air and soil 
temperature will decrease due to the thinner snow 
cover, frost will penetrate more deeply and very 
intensive soil erosion will occur. In elevated areas 
the taiga region will turn into an elfin birch forest 
tundra, and in some places into a stony treeless 
wasteland. This process tends to be self-accel- 
erating: deforestation accelerates in areas of ex- 

Table 4. Plant sensibility to pollution. Public health standards are for S 0 2  and dust 0.05 mg/m3, for HF 0.005 mg/m3 and for soluble 
Ni salts 0.0002 mg/m3 in the air. 

Plant type Maximum long-term atmospheric concentrations that can be withstood by plants 
(mg/m3) 

soi HF Ni (soluble dust 
salts) 

Epiphytic fructicose lichens, 
Usnea, Alectoria, Bryopogon 
Epiphytic foliose lichens, 
Hypogyrnnia, Parmelia, Parme- 
liopsis, mosses, Sphagnum 
Mosses, Dicranum, Polytrichum, 
Pohlia, Hylocomium, Pleurozium), 
on soil fructicose lichens, 
Cetraria, Cladonia, Stereocaulon), 
all species of cristose liechens 
on trees and rocks; conifers and 
bushes, Picea, Pinus 
larch Larix, 
juniper Juniperus 
Deciduous trees and bushes, 
Betula pubescens, B.tortuosa, 
B.nana, Sorbus acuparia 
Shmbby willows Salix glauca, 
S.gerbacea, S.laponum, bushes 
European aspen Populus tremula, 
alder Alnus, berry plants under- 
shrubs like red bilberry, bog 
bilberry, bilberry grasses, in 
particular Leymus arenarius 
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treme climatic conditions stressed by pollution. emissions. The total amount of the emissions 
Urgent measures need to be taken to prevent the should be reduced down to 20 000 to 25 000 t/a. 

taiga ecosystems and the environment as a whole Only with such reduced levels of pollution can we 
from being destroyed: namely, a complete end to ensure the environmental quality necessary for the 
discharges of non-ferrous metals and hydrogen major groups of taiga plants (Table 4). 
fluoride (HF) and reductions of sulfur and dust 
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A total of 2385 samples of the epiphytic lichen Hypogymnia physodes 
were collected systematically in 1985-86 and analyzed for Al, Ca, Cd, 
Cr, Cu, Fe, K, Mg, Mn, N, Na, Ni, Pb, S, Ti and Zn, chiefly to trace 
areal variations in the deposition of airborne metals. 

The total materia1 represents 908 clusters of sites distributed evenly over 
the whole country; 92 clusters were in the two northernmost forestry board 
districts, those of Lapland and northeastem Finland. The results given here 
deal with the 154 samples from this part of the country collected in 1986. 

The determinations showed Hypogymniaphysodes to be well suited for 
monitoring relative differences in deposition. The results indicate broad 
areas of high and low concentrations of these elements carried in the air 
in the form of metal dusts or gaseous compounds. In some cases the high 
concentrations can be linked with particular sources of emissions. The high 
concentrations of certain elements in eastern Lapland are considered to 
be due to long-distance transport from the Kola Peninsula. 

Since airborne pollution includes components that have a major effect 
on soi1 and water acidity, and components that are not among the nutrients 
normally taken up by plants, increased effort should go into plans and 
actions aimed at reducing anthropogenic emissions into the atmosphere 
to the lowest possible levels. 

Key words: poiiution, air, lichens, deposition, heavy metals, nitrogen, 
sulfur, northern Finland 

Eero Kubin, Finnish Forest Research Institute, Muhos Research Station, 
SF-91500 Muhos, Finland. 

INTRODUCTION 

As one part of the Finnish Research Project on established for observations on various parts of 
Acidification (HAPRO), the Forest Research In- the forest ecosystem (Valtakunnan. . . 1986). The 
stitute set up a project (ILME) to study the effects sarne sites were used for collecting moss, bark and 
of air pollution on forests. The aim was to gather lichen samples to measure the relative deposition 
as wide a body of data as possible covering the of heavy metals and some other elements. The 
changes in forests throughout the country. For the lichen selected for sampling was Hypogymnia 
purpose a set of 3009 secret monitoring sites were physodes, which is commonly found on the trunks 
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and branches of trees. Since the epiphytic lichens 
receive the majority of their nutrients from rain- 
water, they are particularly suitable for the anal- 
ysis of airborne substances. 

Hypogymnia physodes is a widely distributed 
epiphytic lichen which is relatively resistant to im- 
purities in the air, as confirmed in experiments on 
the effects of sulfur dioxide on lichens (O'Hare 
& Williams 1975): changes appeared in the chlo- 
rophyll of Usnea subfloridana after only two days, 
whereas the time lag was 24 days for Hypogym- 
nia and 21 days for Pseudevernia furfuracea. All 
the species studied had a higher sulfur dioxide con- 
tent after the experiment than did the control sarn- 
ples. In transplant experiments (OyHare 1974) both 
Usnea subjloridana and Hypogymnia physodes ac- 
cumulated sulfur in proportion to the mean am- 
bient level of sulfur dioxide. Griffith (1966, cit. 
Hawksworth 1973) similarly observed that the sul- 
fur content of specimens of Hypogymnia physodes 
was related to that of the ambient air. Guderian 
(1977) went so far as to note that it is of particu- 
lar value for this purpose in places where the con- 
centrations of pollutants in the air are low. 

Samples of Hypogymnia physodes for chemi- 
cal analysis were collected in a systematic manner, 
to cover the whole Finland. The sites were selected 
based on the nationwide grid employed in the 5th 
National Forest Inventory (Kuusela & Salminen 
1969). The index points on the grid were located 
16 km apart in N-S and E-W direction, except 
in the northernmost forestry board districts of 
Lapland and northeastern Finland where they were 
32 km apart in E-W direction and 24 km apart 
from N to S. The monitoring sites themselves were 
arranged in clusters of four associated with each 
index point in the denser grid area and three in 
the sparser grid (Fig. 1). Lichen was not found at 
all sites thus the number of samples obtained from 
all over the country was 2385, and from the two 
northernmost districts 154. 

Fig. 1. Location of the clusters of monitonng sites, the forestry hoard 
districts and the research stations maintained by the Finnish Forest 
Research Institute. Sampling took place in summer 1985 in the area 
with the denser network and in summer 1986 in the less dense area 
comprising the two northernmost forestry board districts. The Sam- 
ples were gathered together and stored at the Muhos Forest Research 
Station. 

The present paper discusses areal variations in 
the concentrations of certain elements in this 
northern region of Finland (Fig. 1). The methods 
used have been described in earlier reports con- 
structed on a national scale (Kubin 1989a, 1989b). 
A corresponding discussion restricted to this 
specific geographical area has been published in 
Finnish (Kubin 1 9 8 9 ~ ) ~  but based on only some 
of the chemical elements concerned here. 

RESULTS 

Presentation of the results 

Since the samples originated from monitoring dividual high values, and at the same time im- 
sites arranged in clusters, mean values for the proves the reliability of the data from each clus- 
clusters were calculated for presentation on Stan- ter for representing the particular characteristics 
dardized maps of Finland. The number of clusters of the sites concerned. 
was 908 for the whole country, with 92 of them The areal maps were constructed with the origi- 
in the two northern forestry board districts. The nal irregularly distributed data points redesigned 
method serves to smooth out the influence of in- to form a regular grid, which was then used for 
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plotting purposes. The element concentration and inessential substances with respect to the 
classes depicted on the maps were obtained by higher plants (Allen 1974, Larcher 1975, Mengel 
dividing the observations for each element into five & Kirkby 1979). The latter category comprises sub- 
groups of equal size, hence the somewhat irregu- stances found in plants but upon which they are 
lar distribution of boundary values. not dependent. Many of these are toxic metals, 

The order of presentation of the elements fol- narned here as heavy metals: aluminum and tita- 
lows the division into macro- and micronutrients nium. 

Sulfur and nitrogen 

Sulfur and nitrogen are nutrients that plants 
consume in large amounts and that make an es- 
sential contribution to the structure of enzymes 
and protoplasm. Both also act in the development 
of acid rain, as their oxides form chemical com- 
pounds which via a number of intermediate steps 
serve to increase the acidity of water, i.e. the nurn- 
bers of hydrogen ions present. The significance of 
sulfur and nitrogen for the natural environment 
has come to the fore especially clearly in relation 
to pollution generated by human activity, chiefly 
industry and traffic. 

Where the mean sulfur concentration in the 
Hypogymnia physodes samples for the whole 
country was 1092 pg/g and the range of values 
599-2610 pg/g, the samples gathered from the 
forestry board districts of Lapland and north- 
eastern Finland gave a mean concentration of 832 
pg/g and a range of 599-1250 pg/g. The highest 

concentrations were grouped in a number of spe- 
cific areas (Fig. 2), one of which extended from 
the border with the Soviet Union at the latitude 
of Salla and Kemijärvi as far as central Lapland 
and southward from there. Another area of high 
concentrations lay north of the towns of Kemi and 
Tornio, and another around Kolari on the western 
border. A further area of a similar kind existed 
in the extreme north of Inari Lapland, although 
no samples were obtained from very close to the 
eastern border. 

The mean nitrogen content of the lichens from 
this northernmost region of Finland was 1.0 % dry 
weight, with a range of 0.7-1.4 %, as compared 
with figures of 1.3 % and 0.75-2.56 % for the 
country as a whole. The areal distribution of the 
concentration classes is largely similar to that ob- 
served for sulfur (Fig. 2). 

Fig. 2. Areal variations in sulfur and nitrogen concentrations in the lichen Hypogymniaphysodes in the forestry 
board districts of Lapland and northeastern Finland in 1986. Areas left blank are those from which no samples 
were collected. Concentrations are determined in pg/g (ppm) for sulfur and in % for nitrogen of dry lichen. 
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Other macronutrients 

Likewise calcium, magnesium and potassium are essential nutrient for plants, but less emphasis is 
nutrients, that plants require in relatively large placed on its functional significance. These sub- 
amounts, the first two being mostly of structural stances are probably not of any direct significance 
significance, while potassium is best known as a as air pollutants, unless one considers direct fall- 
functional nutrient, which in the higher plants, for out in the form of dust. A particularly high inci- 
example, rapidly cycles between the living plant dence of calcium will have the effect of neutral- 
tissues and the soil. Sodium is mentioned as an izing acidity, of course. 

Fig. 3. Areal variations in calcium, magnesium, sodium and potassium concentrations in the lichen Hypogymnia 
physodes in the forestry board districts of Lapland and northeastern Finland in 1986. Areas left blanc are those 
from which no samples were collected. Concentrations are determined in pg/g (ppm) of dry lichen. 
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The following caicium, magnesium, sodium and The areas affected by high concentrations are 
potassium concentrations (pg/g of lichen) were substantial in extent (Fig. 3), with those for cal- 
measured for the present material from the whole cium and magnesium coinciding both on the east- 
country and from the forestry board districts of ern border and in the north-western part of the 
Lapland and northeastern Finland: area studied. Major deposition of potassium is 

recorded close to both the eastern and western 
borders and major deposition of sodium in the 

Element Whole country Lapland and north. It should be emphasized that ecologicai con- 
NE-~inland ditions can influence the recorded concentrations 

Min ~ a x  x Min Max of these substances more than does their transport 
in the atmosphere. On the other hand, some of 

K 2751 1448 6045 2517 1587 3582 
Ca 3344 388 33375 5518 388 29512 the sodium can be assumed to originate from the 
Mg 399 210 989 455 232 819 sea, and both calcium and magnesium can be 
Na 41 21 521 48 24 '69 transported along with ash and dust. 

Micronutrients 

Copper, iron, manganese and zinc are the chief 
micronutrients of significance for the basic metab- 
olism of plants and other reactions. With the ex- 
ception of iron, they are frequently mentioned as 
environmental pollutants if they occur in nature 
in high concentrations. Since they tend to form 
complex compounds in soi1 solutions, symptoms 
of deficiency with respect to one or more of these 
elements may appear in plants under certain con- 
ditions. 

The mean copper concentration of the lichen 
samples from the northern region was 6.9 pg/g 
and the range of values 4.0-22.4 pg/g, as com- 
pared with national figures of 7.3 pg/g and 
3.5-199.6 pg/g. There is a clear accumulation of 
high values in the north-east of Lapland (Fig. 4). 
Corresponding values for iron concentration were 

344 pg/g of lichen (range 180-782 pg/g) in the 
northern region and 544 pg/g (range 180-3759 
pg/g) in the country as a whole, with the highest 
values recorded along the Southern edge of the re- 
gion and in Inari Lapland. 

Where the mean manganese concentration for 
Finland in general was 13 1 pg/g of lichen and the 
range 20-693 pg/g, the mean value obtained in 
this northern region was 172 pg/g, with the same 
range. It is significant that in this case the mean 
is higher than for the country as a whole. The mean 
zinc concentration on a national scale was 86 pg/g 
and that for the northern region 91 pg/g, with a 
range of 38-216 pg/g in both cases. The areal 
distribution of high values was somewhat similar 
for the two metals (Fig. 4). 

Heavy metals, aluminum and titanium 

The elements determined here which fall into the 
class of heavy metals in terms of their chemical 
character and biological effects are cadmium, 
chromium, lead and nickel. Although these are to 
be found in plants, they are not in any way essen- 
tial elements for plant life. In the same way plants 
take up aluminum and titanium, but it is not en- 
tirely known what significance these have for the 
plant. Free alurninum can easily be toxic for plants, 
while titanium determinations are often used as 
indicators of industrial emissions. 

Cadmium is detrimental for both human and 
plant life. Its effect on plants is derived from its 
ability to block the involvement of zinc in enzy- 

matic reactions, while in humans it has been shown 
to have a cumulative toxic effect. Plant cells nor- 
mally contain 0.1-1.0 pg/g cadmium (Mengel & 
Kirkby 1979), but this figure can easily be exceeded 
where cadmium is readily available. The mean cad- 
mium concentration of the present lichen samples 
was 0.57 pg/g with a range of 0.12-1.93 pg/g, 
compared with a national mean of 0.70 pg/g and 
a range of 0.12-4.25 pg/g. Marked concentra- 
tions were recorded in the Kemi-Tornio area and 
in the western, central and eastern parts of 
Lapland. Bearing in mind that lichens usually re- 
quire little in the way of nutrients by comparison 
with higher plants, the maximum values recorded 
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here may be regarded as high. 
The significance of chromium for the metabo- 

lism of plants is as yet unresolved, and it does not 
occur in any very large quantities in plant tissues, 
being present in the soi1 in a highly insoluble form. 
It is generally regarded as a toxin. The mean chro- 
mium concentration in the total material, 2.13 
pg/g of lichen, with a range of 0.30-56.00 pg/g, 
is high in relation to the values of 0.02-1 .OO pg/g 

customarily reported in plants (Mengel & Kirkby 
1979), and the figures for the present northern 
region are also high, with a mean of 3.84 pg/g and 
a range of 0.53-56.00 p,g/g. The highest values 
are grouped in a single broad area (Fig. 5) which 
may be linked locally with a major steelworks. 

Lead is above all a roadside pollutant (Ruhling 
& Tyler 1968, Takala & Olkkonen 1981) and is 
highly toxic to humans. The toxicity of lead on 

rig. 4. nreai variations in copper, iron, manganese ana zinc concentrations in tne licnen Hypogyrnniaphysodes 
in the forestry board districts of  Lapland and northeastern Finland in 1986. Areas left blanc are those from which 
no samples were collected. Concentrations are determined in pg/g (ppm) of dry lichen. 
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plants is not fully understood, however. The mean 
lead concentration in the present lichen samples 
was 17.2 pg/g and the range 1.2-39.6 pg/g, com- 
pared with 18 pg/g and 1-62 pg/g for Finland 
as a whole. The major area with high concentra- 
tions occurred to the north of the more indus- 
trialized Kemi-Tornio district (Fig . 5). 

Nickel is toxic to plants, even though it is nor- 
mally to be found in their tissues to the extent of 

0.1-5 pg/g dry weight. Where large amounts of 
nickel are present in the soil, however, its concen- 
trations in plants can be very much higher. The 
mean nickel concentration of the total set of li- 
chen samples was 2.62 pg/g, with a range of 
0.00-51 pg/g, with corresponding values of 
3.8 pg/g, range 1.2-16.5 pg/g, for those from 
Lapland and northeastern Finland. The large area 
of high values in Lapland is confined to the eastern 

1 > 0.6 
Sl 0.5 - 0.6 m 0.4 - 0.6 

0.3 - 0,4 < 0.3 

Pb i 

> 4.6 > 22.0 
11 3.7 - 4.6 11 17.4 - 22.0 

2.8 - 3.7 14.1 - 17.4 
a-2 - 2.8 @gj 11.0 - 14.1 n < 2.2 fl < 11.0 

Fig. 5. Areal variations in cadmium, chromium, nickel and lead concentrations in the lichen Hypogymnia phy- 

- 
sodes in the forestry board districts of Lapland and northeastern Finland in 1986. Areas left blanc are those from 
which no sarnples were collected. Concentrations are determined in wg/g (ppm) of dry lichen. 
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Fig. 6. Areal variations in aluminum and titanium concentrations in the lichen Hypogymniaphysodes in the forestry 
board districts of Lapland and northeastern Finland in 1986. Areas left blanc are those from which no samples 
were collected. Concentrations are determined in wg/g (ppm) of dry lichen. 

part of the region and in all probability is attrib- 
utable to the major industrial areas in the Kola 
Peninsula in the Soviet Union. 

Our knowledge of the function of aluminum in 
plants and of its necessity for plant life is still in- 
complete. It exists in the soi1 in large quantities 
and increases in solubility with increasing soi1 acidi- 
ty, so that its toxic effects have been associated 
primarily with acid soils. The amounts encountered 
in plants vary within the range 100-1000 pg/g 
(Allen 1974). 

The mean aluminum concentration of the pres- 
ent lichens was 276 bg/g, with a range of 119-516 
pg/g, whereas the mean for the whole country was 
480 pg/g, range 119-1358 yg/g. The major areas 

of high concentrations were in the southern part 
of the region and in Inari Lapland (Fig. 6). 

Little is known about the effect of titanium on 
plants, and few analyses are available of its con- 
tent in plant tissues. According to Allen (1974), 
its concentrations in plants vary in the range 
0.4-8.0 pg/g, representing considerably lower 
figures than those recorded here, where the mean 
was 13.1 pg/g and the range 5.8-49.4 pg/g. The 
mean figure for Finland as a whole was still higher, 
25.9 pg/g, with a range of 18.0-49.4 pg/g, the 
maximum value for the whole country having been 
measured in Lapland. The main areas with high 
concentrations were in the south-west, the central 
part of the region and Inari Lapland (Fig. 6). 

DISCUSSION 

Many extensive series of tests have shown that 
lichens are particularly sensitive indicators of air 
pollution and can be used for this purpose in a va- 
riety of ways (Ferry et al. 1973; Kauppi 1980; Nash 
II1 and Wirth 1988). Other plants used in the Nor- 
dic countries for mapping the distribution of heavy 
metals in particular are mosses, by means of which 
Ruhling and Tyler (1971) demonstrated that con- 

centrations of certain heavy metals were as much 
as ten times greater in the southern parts of Scan- 
dinavia than in the north. New moss samples were 
then collected in all the Nordic countries in 1985 
and a set of maps published jointly to show the 
distribution of depositions of heavy metals over 
the whole region (Ruhling et al. 1987). The pres- 
ent lichen-based survey is linked with this work 
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:piphytic lichen Hypogymnia physodes in northern Finland in 1986 

insofar as the lichen samples were collected at the 
Same time and from the same sites as the mosses. 

Comparison of the lichen results with those ob- 
tained from the mosses (Ruhling et al. 1987) shows 
a high measure 0f correspondence in the areal Pat- 

for chromium, iron and nickel concentra- 
tions, and also for copper. At the same time the 
maps for copper, cadmium, iron and lead are 
much more detailed when based on lichen Sam- 
ples, perhaps because there were more than four 
times as many lichen samples available and twice 
as many means for clusters were available as there 
were for moss. But it also seems that lichens are 
more sensitive in this respect. 

Apart from the metals, the concentrations of 
sulfur and nitrogen in the lichens offer some points 
of interest. The range of variation in sulfur con- 
centration in a set of samples taken in 1979-81 
from the same northern area as this study (Taka- 
la et al. 1985) was 430-1010 pg/g, whereas the 
value reported here for the means of the clusters 
was 599-1249 pg/g. Since both surveys included 
some obvious "background samples", sulfur con- 
centrations in the northern part of Finland may 
be said to have increased in general in the early 
1980s. It should be noted, however, that the ma- 
terial obtained by Takala et al. (1985) was not par- 
ticularly extensive. 

Westman (1986) has specifically shown sulfur 
concentrations in Hypogymnia physodes to be high 
in places where deposition is high and low in places 
where it is low. In agreement with this, the highest 
sulfur concentrations recorded in lichens in south- 
ern Finland coincide well with the highest deposi- 
tions of sulfur determined in a model constructed 
for Southern Finland (Kulmala 1985). As far as 
northern Finland is concerned, uno fficial maps 
have been published in the press suggesting that 
deposition over extensive areas of eastern Lapland 
is of the same order as in the south of the coun- 
try. The present results do not support this con- 
clusion, however: rather, the highest sulfur con- 
centrations were found in lichens in the extreme 
north, beyond Lake Inari. Recent unpublished 
deposition models suggest this same pattern. It 
should be emphasized, however, that the lichen 
samples for the present research were collected in 
1986 and that the situation discussed in this paper 
represents the year of coliection and the time im- 
mediately preceding it . 

~t would seem, therefore, that since the predom- 
inant wind directions in northern Finland are to- 

~ a r d s  the north-east, with a much lower frequen- 
CY of winds blowing from the Kola Peninsula into 
Lapland or along the Finnish-Soviet border, sul- 
fur does not accumulate in the lichens of eastern 
Lapland to the same extent as it does in the south- 
WeStern corner of Lapland or in Southern Finland. 
There is indeed some deposition from the Kala 
area on the Finnish side of the border, as observed 
here in the case of some of the metals, but the dis- 
tribution of the predominantly gaseous sulfur and 
nitrogen emissions would seem to be quite different 
from that of airborne metal dusts. Although the 
areal patterns for sulfur and nitrogen concentra- 
tions are similar, even to the occurrence of a peak 
in the extreme north of Lapland, it would be use- 
ful to conduct further experiments on the accumu- 
lation of sulfur in lichens under varying ambient 
conditions, and work to this effect is now in pro- 
gress. 

The distinct peaks in magnesium and calcium 
concentration in the north of Lapland are inter- 
esting. The results may have been dependent more 
on throughfall from the crowns of trees than on 
any other factor, even though no connections with 
the occurrence of rich grass-herb forests can be 
detected. Although the areal variations in the oc- 
currence of these elements which are of irnportance 
as plant nutrients are not of such immediate in- 
terest as the variations in detrimental substances, 
the major areas of high calcium and magnesium 
concentrations in Lapland must be of some sig- 
nificance and call for further investigation. 

The elements determined here which are not es- 
sential for plant life are Cd, Cr, Ni, Pb, Al and 
Ti, of which the highest concentrations of Cd, Cr 
and Ni occur in the same area, close to the towns 
of Kemi and Tornio. The other extensive area of 
high nickel concentrations is in eastern Lapland, 
where they coincide with accumulations of copper. 

The present results serve to indicate what ele- 
ments are the main contributors to deposition from 
the air in different parts of the country, but they 
do not, of course, allow any conclusions to be 
reached on the absolute volumes of deposition, nor 
is any attempt made here to explain the effects of 
this deposition on the natural environment. They 
should, however, provide an excellent starting 
point for the targeting of research to the appro- 
priate geographical areas and for the identifica- 
tien of sites on which investigations of the effects 
of such air pollution should be focused. 
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TOTAL SULFUR CONCENTRATION OF CONIFER NEEDLES 
AND TmAL SULFUR DEPOSITION IN NORTHERN FINLAND 
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conifer needles and total sulfur deposition in Northern Finland. Geologi- 
cal Survey of Finland, Special Paper 9, 195-199, 3 figures. 

The aim of this paper is to present preliminary results of a relationship 
between the total needle sulfur concentration and the calculated total sul- 
fur deposition in Northem Finland. The total sulfur concentration of pine 
and spruce needles proves to be a good bioindicator of S0,-pollution, es- 
pecially in wintertime, when the atmospheric sulfur concentrations are at 
their highest. Our results indicate that in Northern Finland in the areas 
where the calculated total sulfur deposition is about 0.5 g/mz/a the total 
sulfur concentration of conifer needles usually varies between 800 ppm 
and 1200 ppm depending on the sulfur status of the soil. An increase of 
0.1 g in total sulfur deposition seems to cause an increase of 100 ppm in 
total needle sulfur concentration. The relationship between emissions, air 
quality and accumulated sulfur cannot, however, be considered directly, 
because the changes are caused by the variation in precipitation (snow and 
water) and wind conditions. The results presented in this paper are part 
of a research the aim of which is to study the accumulation of sulfur into 
needles in rural areas of differing ambient S02  concentrations and wet 
and dry deposition of sulfur. 

Key words: pollution, sulfur, concentration, deposition, Coniferales, 
needles, northern Finland 

Sirkku Manninen and Satu Huttunen, Department of Botany, University 
of Oulu, Linnanmaa, SF-90570 Oulu 

INTRODUCTION 

Monitoring the dispersion and deposition of air 
pollutants over large areas with technical devices 
is difficult and expensive. Since the measurements 
of air quality can usually be made only at a few 
points, supplementary calculations must be made 
using dispersion models and computer simulations 
(Nordlund & Henrikson 1975). The mathematical 
dispersion models can, however, include only a 
limited number of factors so that they always dif- 
fer to some extent from the real dispersion situa- 
tion. It seems that the mathematical models show 
at least for SO, a somewhat smaller dispersion 

area than the biological materia1 e.g. conifer 
needles (Huttunen et al. 1985, Huttunen & Man- 
ninen 1988). At the moment some methods of 
using plants as indices of dispersion and deposi- 
tion of air pollutants are under standardizing in 
Finland, and the total sulfur concentration of pine 
needles is one of those bioindicator methods. 

Because of the relatively high mobility of the 
sulfate ion it is easily leached from the soil (Chro- 
nan et al. 1978, Chronan 1980). The absorption 
of sulfate to sesquioxides of Fe and Al in B hori- 
zon is, on the other hand, the stronger the lower 
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the pH value (Johnson & Cole 1977, Hern et al. 
1985). Sulfur deficiencies are uncommon in forest 
ecosystems and the sulfur in acid deposition can 
exceed tree requirements (Keller 1984, Turchenek 
et al. 1987). Although root-available sulfate of the 
soil increases the inorganic sulfur fraction in forest 
tree foliage, this increase is much smaller than that 
caused by air-borne SO,. The determination of 
inorganic and organic sulfur concentration (or 
total sulfur concentration) of foliage, therefore, 
is valuable also in polluted areas and does not lose 
its significance by changing sulfur content of the 
soil (Keller & Jäger 1980). 

Fumigation experiments demonstrate that 

stomatal uptake of SO, from the air diminishes 
with the duration of exposure, especially at high 
SO, concentrations, because gas exchange is 
blocked soon after cell injury (Guderian 1970, 
Keller 1984). Dry and wet deposition of sulfur 
compounds on needle surfaces continues, however, 
even if the uptake of SO, via stomata is dis- 
turbed. Atmospheric aerosols and dry deposition 
containing sulfur acid sulfates are deposited on tree 
foliage, especially in wintertime, when the at- 
mospheric sulfur concentrations are at their 
highest. The value of total sulfur determinations 
increases when the surface accumulation is in- 
cluded in the analysis (Huttunen et al. 1985). 

MATERIALS AND METHODS 

Needles of Scots pine Pinus silvestris L. and 
Norway spruce Picea abies Karst. were collected 
from Northern Finland between April 1988 and 
April 1989. Most samples were collected along the 
eastern border of Finland but some needles were 
also obtained near the western border facing Nor- 
way (Fig. 1). Needles were taken from different 
sides of trees at a height of 5-7 m. The sampled 
pines and spruces were healthy 50-100 years old 
trees. Usually needles from three trees were com- 
bined into one sample, but in two cases needles 
from each tree (three to seven trees) were analyzed 
separately. The two youngest needle age classes 
were taken for analysis. 

The total sulfur concentration of the foliage was 
determined by X-ray fluorescence analysis, using 
a vacuum spectrometer with a silver anode and 
EDDT analyzing crystal. A tube voltage of 34 kV 
and a current of 25 mA was found to give good 
resolution. The standard samples for sulfur ana- 
lyses were made by adding known amounts of or- 
ganic sulfur to a clean needle matrix. The X-ray 
spectrometer was used because of its good reso- 
lution and the minimum preliminary treatment 
needed (samples were dried for two to three days 
at +60 WC, ground and pressed into pellets). 

Fig. 1. The study area and the sampling times. 
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RESULTS 

The total sulfur concentration of pine and 
spruce needles collected between April 1988 and 
April 1989 from Northern Finland ranged from 
667 ppm to 1725 ppm. The highest individnal sul- 
fur concentration was measured of pine needles 
collected from the eastern part of Inari and the 
lowest of needles collected from the western part 
of Inari. The difference in mean needle sulfur con- 
centration between the eastern and western parts 
of Inari was about 200 ppm. An equal increase 
in needle sulfur concentration was observed along 
the eastern border from Kuusamo to Inari (Fig. 

2). Within each sampling area the mean sulfur 
concentrations of the two youngest needle age 
classes were about the same. Any differences be- 
tween pine and spruce needle sulfur concentrations 
were not observed either. In April 1989 when 
needles from Enontekiö and the western part of 
Inari were collected, needles of each tree (3-7 
trees/sampling site) were analyzed separately. The 
difference in total needle sulfur concentration of 
individual trees within same sampling site varied 
from 22 ppm to 586 ppm. 

SUOMUSSALMI 

- 

Fig. 2. Total sulfur concentrations of pine and spruce needles in different parts of Northern 
Finland (n = number of analyzed needle samples). 
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DISCUSSION AND CONCLUSIONS 

Huttunen et al. (1985) observed the highest 
needle sulfur concentrations in winter (February 
-March) at the time when both the emissions of 
sulfur and the ambient concentrations are at their 
maximum. The minimum needle sulfur concentra- 
tions were measured in June or July. Wentzel and 
Gasch (1980) studied the seasonal variation of in- 
organic and organic sulfur in coniferous needles 
in autumn and spring. They found that the sulfur 
concentration provided a better indication of pol- 
lution in October than in May. In this study most 
samples were collected between November and 
April, only ten samples from Inari were taken in 
September, so the results probably give quite a 
good picture of the dispersion and deposition of 
sulfur in the area of investigation. 

Young current-summer needles usually show a 
very slight sulfur accumulation, but an increase 
in accumulation can be seen along with an in- 
creasing dose (longer life period) (Huttunen et al. 
1985). The reason for the similarity in sulfur con- 
centrations between the needles of the summer of 
1988 and 1987 may partly be due to the rainy and 
cool weather of the summer of 1987. Rain cleans 
the air effectively and a low temperature decreases 
the metabolic activity of trees. Besides the winter 
of 1989 was exceptionally mild with respect to 
some previous winters. The two youngest needle 
age classes were chosen for analyses, because at 
least in the polluted areas the sulfur concentration 
of older needles no longer seem to be comparable 
with the air quality or needle vitality . For exam- 
ple, due to the erosion of the needle surfaces the 
amOunt 0f sulfur washed off by precipitation Fig. 3. Total sulfur deposition (g/m2/a) in Finland in 1987 (Nord- 

varies (Huttunen & Laine 1981, 1983). lund, personal comm. 1989). 

The calculated total sulfur deposition in Finland 
in 1987 is presented in Fig. 3 .  The deposition map 
is mainly based on actual and/or estimated SO, 
emissions and wind conditions, not on the mea- 
sured total sulfur deposition. Both domestic emis- 
sions and long-range transport of sulfur are in- 
cluded in the figures. The high sulfur deposition 
in the north-eastern part of Finnish Lapland is due 
to the S0,-emissions of industry in the Kola 
Peninsula. Last year the total S0,-emissions in 
Finland were about 320 000 metric tons (= 1000 
kg) and figures given for Murmansk district are 
about 325 000 metric tons. The S0,-emissions of 
the collective combine in Kostamus, which lies a 
little over 100 km south-east of Suomussalmi, are 
about 61 000 metric tons in a year. 

A total sulfur concentration of 1100 pprn is con- 
sidered the upper limit of the wintertime needle 

sulfur concentration in Finnish rural areas (Hut- 
tunen & Karhu 1984). Our results seem to indi- 
cate that in Northern Finland a total sulfur con- 
centration of 1100 pprn corresponds to a total sul- 
fur deposition of about 0.6 g/m2/a. In the rural 
areas where the total sulfur deposition is calculated 
to be 0.5 g/m2/a or lower the sulfur concentra- 
tion of pine and spruce needles varied between 667 
pprn and 1292 pprn depending on the sulfur sta- 
tus of the soil. According to our theory an increase 
of 0.1 g in the total sulfur deposition causes an 
increase of 100 pprn in the total needle sulfur con- 
tent. Accordingly if a total sulphur deposition of 
0.5 g/m2/a corresponds to a total needle sulfur 
concentration of 1000 ppm, 1.0 g S/m2/a cor- 
responds to 1500 pprn sulfur in needles. 
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The highest sulfur concentrations measured 
from the needles collected near the eastern bor- 
der of Inari were as high as those measured from 
the needles in the southern part of Finland (Mäki- 
nen et al. 1989). In Northern Finland the total 
precipitation is much lower than in Southern Fin- 
land and most of it falls as snow. This means that 
in Northern Finland the S02-concentration of the 
ambient air can be higher than in Southern Fin- 
land for areas of a similar total sulfur deposition. 

It seems, however, that about an equal mean sul- 
fur concentration of conifer needles is measured 
both in Northern and Southern Finland in areas 
of an equal total sulfur deposition in spite of the 
differences in precipitation and ambient SO, con- 
centration. More needle sulfur analyses and mea- 
surements of the total sulfur deposition are needed 
both in polluted and unpolluted areas in South- 
ern and Northern Finland to confirm this. 
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Forest ecosystems in the Kola Peninsula are analyzed in a new way on 
the basis of biological productivity, plant chemical composition, biologi- 
cal migration parameters, and the composition of soil organic and min- 
eral substances. 

It is shown that an additive interpretation of biogeochemical cycles is 
inadequate for analysis of the dynamic processes of the biosphere. In this 
paper, the biogeochemical cycles operative in forest ecosystems of the Kola 
Peninsula are characterized in terms of groups of elementary biogeochem- 
ical processes: atmospheric, lateral, eluvial, biogenic-accumulative and 
illuvial-accumulative. 

Key words: geochemical cycles, biochernistry, forests, ecosystems, soils, 
organic materials, Kola Peninsula, USSR 

Vyacheslav Nikonov, The Kola Science Centre of the USSR Academy of 
Science, 184200 Apatity, USSR. 

INTRODUCTION 

An ecosystem can be considered as the com- tioning of forest ecosystems is to analyze the bio- 
plex of relatively autonomous components inter- geochemical interactions between the phytocoeno- 
acting with biogeochemical cycles. (Tansley 1935, sis (vegetation), litter and soil. Biogeochemical 
Cyicase~ 1964, Odum 197 1, Fortescue 1980). cycling is usually described too simplistically. Here 
A useful way of characterizing the dynamic func- 1 attempt to characterize the aggregate properties. 

PRIMARY PRODUCTION AS THE BASIS OF BIOGEOCHEMICAL PROCESSES 

Production of organic substances is the main riod of biological activity (MaHaicOB, HHKOHOB 
function of plants, and organic substances might 1981, HHKOHOB, 1985). The annual production is 
be described as the materia1 and energy basis of about 2-6 tonnedhectare (Fig. 1). By contrast, 
biogeochemical processes. The phytomass reserve in the optimal conditions of grass forest 
in the primary forest ecosystems of the Kola Penin- ecosystems, the phytomass reserve may be as much 
sula is not great (on the average 80-100 tonnes/ as 190 tonnedhectare. This level of reserve is 
hectare) because of the cold climate and short pe- characteristic of the typical taiga forest. This 
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phytogeographical feature is clearly observed in 
the autonomic (Au) terrain of zonal ecosystem 
from south to north in the Kola Peninsula. 

The areas investigated are divided into belts ac- 
cording to the elevation. An autonomic (Au) ter- 
rain forms the topmost part of a hill or an arctic 
mountain. A transitional terrain (Tr) covers slopes 
with good drainage. An accumulation terrain (Ac) 
is situated downwards in seepages. The ecosystems 
of these terrains (Fig. 1) are characterized by pri- 
mary productivity. In the conditions of the tran- 
sitional terrain (Fig. l), the intensive compen- 

PHYTOMASS RESERVE 

zones belt 

H-. Northern taiga 

sating effect of cold climate may be observed as 
decreasing productivity. The type, composition 
and structure of the phytocoenosis, the phytomass 
reserve and the productivity of the ecosystems are 
comparable with the ecosystems of adjacent zones 
to the south that develop in the autonornic terrain. 

Differences within zones and belts are due to 
the different intensity of the biogeochemical cy- 
cling from tundra to forest ecosystems, while the 
part of production in the phytomass reserve 
decreases from south to north. 

PHYTOMASS PRODUCTION 

belt zones 

Au Autonomous 

Tr Transitional 

A-A Tundra AC Accumulative 

Fig. 1. Phytomass reserve (A) and production (B) in the ecosystems of the Kola Peninsula. Terrain: Au = autonornous (top), Tr = tran- 
sitional (slope) and Ac = accurnulative (seepage). 

BIOLOGICAL MIGRATION OF MINERAL ELEMENTS 

Biological migration is the process of the adsorp- 
tion of chemical elements by autotrophic organ- 
isms from soils, the transfer of these elements in 
living organisms and their return to the soi1 as dead 
organic materia1 (fall). These processes of biolog- 
ical migration in living organisms can be charac- 
terized in terms of their chemical composition. 

The overwhelming majority of plants in the 
northern forest areas where extreme growing con- 
ditions prevail have only low concentrations of 
nutrients (Ca, Mg, K etc.); about 1-3 % of the 

dry weight (Fig. 2). More than 70 % of the nu- 
trient composition is defined by the major bio- 
philes: N, K, Ca. The type and molecular ratio of 
the inorganic oxides characterize the dominant 
plants such as K-Ca acidophiles. The element com- 
positions of arboreous plants (spruce, pine, birch) 
are those typical of the taiga. The pronounced 
genetic conservatism of the trees in relation to 
nutrients is evidence of the broadness of their 
natural habitat. Despite the wide arnplitude of eco- 
logical conditions, the element composition of the 
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Pine (perennial needle) Spruce (perennial needle) 

Pine (annual needle) Spruce (annual needle) 

Vaccinium myrtillus (leaves) Birch (leaves) 

Lichens (total) Vaccinium vitis-idaea (leaves) 

Fig. 2. Chemical composition of assimilative organisms of plants, % of dry weight. 
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BIOGENIC ACCUMULATION 

zones belt 

i-i Northern taiga 

m m  Forest-tundra 

BIOGENIC CONSUMPTION 

belt zones 

Au Autonomous 

Tr Transitional 

A-A Tundra AC Accumulative 

Fig. 3. Biogenic accumulation of mineral elements (A) and their consumption in production (B). Terrain: Au=autonomous (top), 
Tr = transitional (slope) and Ac= accumulative (seepage). 

ground vegetation (dwarf shrubs, mosses, lichens, 
grasses) conserves the inorganic elements in sta- 
ble ratios. 

In forest ecosystems with different terrains the 
biological migration including the accumulation 
of mineral elements in the phytomass, their con- 
sumption in production and their return to the soil 
with fall depends on the specific conditions of bio- 
geochemical cycling regularities (Fig. 3). Similar 
regularities were noted for the primary production 
(Fig. 1). 

The functioning of any ecosystem can be charac- 
terized by the transformation of the organic sub- 
stances. In the extreme growing conditions of the 
northern forest ecosystems, the litter formed from 
plant residues poor in biophile elements is the only 
accumulative soil horizon and the major source 
of plant nutrient substances. The litter reserve 
varies (1 7-7 1 tonnedhectare) depending on the 
amount of fall. The chemical composition of lit- 
ter depends on the plant tissues transformed be- 
fore falling and on the intensive release of biophile 
elements from the decomposed fall. 

When the organic substances of spruce ecosys- 
tems die off, the biophiles and easily dissolved ele- 
ments (K, P, S, N, Na) are lost, leaving behind, 
in concentrated form, elements like Si, Fe and Al 
(Fig. 4). During the process of litter formation 

the fall becomes impoverished in K, Mn, Mg, Ca 
and concentrated in Si, Al, Fe (Le. "alumination", 
"silification" and "ferrolization" of litter occur). 
Pine ecosystems show the same tendencies, but the 
litter is much more strongly impoverished in K and 
Mn (Fig. 5). 

Experiments have confirmed that the major part 
of the elements (especially the biophiles), released 
from fall and litter, are reincorporated into organic 
substance ( HHKOHOB, M ~ H ~ K O B ,  1979). Only suifur 
and sodium migrate into mineral soil layers and 
may be removed from the ecosystem. The biolog- 
ical layer, composed of biocoenosis (phytocoeno- 
sis) and litter, plays an important role in the for- 
mation of northern forest ecosystems. In this con- 
nection, the "capacity for biological migration" 
in the ecosystems is determined by the number of 
different elements in the biological layer. 

The major part of the biophiles in the biologi- 
cal layer are tightly bound and not easily leached. 
The poor solubility of these elements is due to the 
processes of biogenic accumulation to the peren- 
nial plant tissues and to their selective fixation into 
humus. Only a smaii part of the elements, that part 
belonging to the biological migration capacity, can 
participate in exchange processes. The exchange- 
able fund (EF) formed of these elements is the sum 
of the following components (Tables 1 and 2): 
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Fig. 4. Transformation of the chemical composition of organic substances in spruce ecosystems of the Kola 
Peninsula. 

Piceetum empefroso-myrtillosum 

Cycles of conversion Rows of transformation 

Enrichment (T* > 1.0) 
> 

Piceetum myttill~sum 
Production - fall P K N Na S AI Mg Mn ( Ca Si Fe 
Fail - litter K Mn Ca Mg 1 P S Na N Ai Si Fe 

Piceetum herboso-myrtillosum 
Production - fall Na K Al N P 1 S Ca Mg Fe Mn Si 
Fail - litter I ' K  M Mo C a [ P  Na S AI N Si F e >  

* T = coefficient of transformation 

Impoverishment (T* < 1 .O) 
Production - fail Na K P S Mg N Mn 1 Al Ca Si Fe 

Fig. 5. Transformation of the chemical composition of organic substances of pine ecosystems in the Kola 
Peninsula. 

Fall - litter K Mn Ca Mg 

- - 

Cycles of conversion 1 Rows of transformation 

P S N Na Al Si Fe 

Pinutum cladiniosum 

Impoverishment (T* < 1 .O) 
Production - faii Mg Si Al Fe Mn Ca Na 
Fall - litter Mn Mg K Ca S P Na 1 Fe Al Si 

Enrichment (T* > 1 .O) 

Piceetum cladinioso-fmticuiosum 
Production - fall Ca Al Si Na Mn Fe 
Fall - litter 

Piceetum vaccinosum 
Production - fall Ca Fe Mn 
Fall - litter K Mn Mg Ca Na S Fe Si Al 

* T = coefficient of transformation 

- washed out from the canopy (Mc), 
- released during decomposition of plant organic 

substance (M,), 
- deposited from the atmosphere (M,), 
- washed out of the litter (M,), 

In equation form, 

The parameter EF thus characterizes those ele- 
ments that potentially can be involved in the ex- 
change reactions of biological migration. In real- 
ity, however, only a part of EI? is involved in ex- 
change reactions. The elements concentrated in 
production (M,) and washed out from the cano- 
py (M,) compose the annual production (P): 

Consequently, functioning of the ecosystem is 

defined by the presence of a reserve fund (RF), 
which is estimated by the equation: 

The portion of the elements available for bio- 
logical migration may be expressed by a coefficient 
of cycling (Cm): 

Tables 1 and 2 show that in the northern forest 
ecosystems the EF accounts for 7-8 % of the ca- 
pacity for biological migration. Elements released 
in the decomposition of animal and plant remains 
(Md) comprise 72-80 % of the EI?. Between 54 
and 77 Vo of the elements in the EF are reincor- 
porated in the annual production. Of the elements 
in the reserve fund, nitrogen and potassium are 
cycled most rapidly (C,22.0 for N and 0.5-0.6 
for K). 
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Table 1. Biological migration in piceetum empetroso-myrtillosum substrate of autonomic terrain. 

Parameters N P K Ca Mg Total 
kg x ha-1 

1. Capacity for biological 
migration including: 520 59 175 353 86 1193 
- phytocoenosis 256 33 146 284 59 778 
- litter 264 26 29 69 27 415 

2. Available for production kg x ha-l x y e a r i  
P=M,+M, 27.2 3.7 19.5 16.7 6.1 73.2 
including: 
- accumulation in 

production (MJ 26.1 3.5 16.4 14.6 5.6 66.2 

3. 
- washing out from 

canopy (Mc) 
- from crowns 
- from stems 

- - - - - - - - - - 

4. Atmospheric migration (M,) 1.5 0.6 3.3 4.8 1 .O 11.2 

5. Release from organic 
residues (M,) 
- from fall 
- from litter 

6. Washing out from 
litter (M,) 

7. Exchange fund 
EF=M,+Md+M,+Mi 12.3 13.3 33.7 28.7 7.2 95.2 

8. Reserve fund 
RF=EF-(P+Ml) - 16.5 9.1 10.8 9.9 0.5 13.8 

9. Coefficient of 
cycling (Cm) 
Cm = P/EF 2.21 0.28 0.58 0.58 0.85 0.77 

Table 2. Biological migration in piceetum herboso-myrtillosum substrate transitional terrain. 

Parameters N P K Ca Mg Total 
kg x ha-1 

1. Capacity for biological 
migration including: 1228 97 294 752 1 M  2475 - phytocoenosis 410 34 221 393 55 1113 
- litter 818 63 73 359 49 1362 

2. Available for production kg x ha-1 x year-1 
P=Mp+Mc 32.3 3.8 25.3 21.8 6.2 89.4 
including: 
- accumulation in 

production (W) 30.8 3.6 21.1 19.5 5.4 80.4 

3. 
- washing out from 

canopy (M3 1.5 0.2 4.2 2.3 0.8 9.0 - from crowns 1.4 0.2 4.1 2.2 0.8 8.7 
- from stems 0.1 0.0 0.1 0.1 0.0 0.3 

4. Atmospheric migration (MJ 1.5 0.6 3.3 4.8 1 .O 11.2 

5. Release from organic 
residues (MJ 1.5 0.6 3.3 4.8 1 .O 11.2 
- from fall 0.5 0.9 6.6 1.2 1 .O 10.2 
- from litter 10.0 39.7 20.4 39.5 13.2 122.8 

6. Washing out from 
litter (M3 2.0 0.6 3.5 4.7 1.4 12.2 

7. Exchange fund 
EF=M,+M,+M,+M, 15.5 42.0 38.0 52.5 17.4 165.4 

8. Reserve fund 
RF=EF-(P+M,) - 18.8 37.6 9.2 26.0 9.8 63.8 

9. Coefficient of 
cycling (Cm) 
Cm = P/EF 2.08 0.09 0.56 0.42 0.36 0.54 
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The ecosystems in the transitional terrain are are relatively insignificant, the ecosystems are 
characterized by more prolonged stability due to much more sensitive to disturbances; they also 
the significant exchange and reserve funds (Table function more optimally in a more active and com- 
4). In the autonomic terrain, where EF and RF plete use of EF. 

SOIL FORMATION AS A PART OF BIOGEOCHEMICAL CYCLING 

Soi1 - one of the essential components of the weathering products in the Kola Peninsula (till, 
biosphere - forms as a result of biogeochemical kyanite slate, alkaline granite, sandstone, nephe- 
cycling. In spite of the variation in composition line slate), Al-Fe-humus soi1 formation domi- 
of soil-forming glacial drift, rock types and nates in the autonomic and transitional terrains 

Kyanitic 
slate 

Alkaline 
granite Sandstone Nepheline 

slate depth 
cm - AO 

A 2  - B h f a l  
Bhta2 

- BC 
- C 
- 
- 

- 10 
A 2 - 

- ahtal 

- B  hfa 2 
- 

BC 

C - 

- 29 - 0 hta - BC - 
- 
- C 

- 

Rocks, 
s01ls 

Humus O/O 20 [ 

LO 

Che 
Cfa 

Fig. 6. Humus content and chemical composition of podzolic soils of till and weathered crust of kyanite slate, 
alkaline granite sandstone and nepheline slate in the Kola Peninsula. Cha= carbon in humic acid, Cfa=carbon 
in fulvic acid, R, = AI + Fe. 
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(Fig. 6.) (HHKOHOB, 1979,1987; HHKOHOB, iiepe~ep3e~, ports of substances are of great importance. The 
1989). enrichment of aluminum and iron in soils creates 

The biogeochemical character of the soil formed a geochemical barrier against the "aggressive" 
in a certain zone consists of the redistribution of products of biocoenosis-fulvic humus. Mobile 
the typical elements (Si, Al, Fe) within the soil pro- humus compounds bind aluminum and iron com- 
file. In the formation of these soils, eluviation, il- pounds released in weathering in the form of or- 
luviation, accumulation of humus, and the trans- ganic alumina-iron complexes. 

A NEW MODEL OF BIOGEOCHEMICAL CYCLING 

The complexity of biogeochemical cycling can- 
not adequately be modelled by aggregative param- 
eters ( Pose~Gepr, 1988). In this paper the bio- 
geochemical cycling is modelled on the basis of in- 
tegrated parameters of ecosystems. 

Biogeochemical cycling is here considered as an 
integrated system of several different types of 
elementary biogeochemical processes (Fig. 7). The 
elementary basic biogeochemical processes (EBP) 
form the lowest level of the biogeochemical cy- 
cling. These processes conserve their nature and 
are operative within the ecosystem. 

The biogeochemical functions of the Kola Pe- 
ninsula forests are divided into five groups of 
elementary biogeochemical processes (EBP): 

1. Atmospheric EBP 

The atmospheric elementary biogeochemical 
processes (EBP) substance flows such as atmo- 
spheric deposition. The atmospheric element flow 
enhances the stability of ecosystems by partial 
replacement of substances, especially biophile 
leaching out under conditions of humid climate. 

2. Lateral EBP 

This involves the movement of substances within 
a watershed under the action of gravitational 
forces. The lateral element flow is responsible for 
the essential variation of the biogeochemical cy- 
cling in an ecosystem. 

3. Eluvial EBP 

The eluvial EBP are due to humid climate and 
lead to the continual destruction of living sub- 
stances and soils. The eluviation originally charac- 
terizes the basic structure of ecosystems in cold and 
humid regions and affects to the biological activity 
and soil formation by leaching elements out of the 
system. 

The EBP can be divided into the following five 
processes: 

1) "Leaching out" (2.1 in Fig. 7). Area of ac- 
tion: the ecosystem as a whole. In humid climate 

the leaching of the components out of the 
ecosystems leads to the impoverishment of certain 
substances. Rain leaches mineral elements from 
living plant tissue and decomposing organic sub- 
stances, and assists the migration of the released 
elements. Atmospheric precipitation causes the 
migration of aggressive fulvic humus components 
and the weathering of primary minerals. The 
preconditions are created for the irreversible 
removal of biophile elements from the ecosystem 
and eventually the destruction of the ecosystem. 

2) Eluviation (2.2). Area of action: soil. This 
process causes deep destruction of the mineral soil 
horizon through the action of humus substances 
and removal of weathering products from the zone 
of eluvial processes. Eluviation begins with "leach- 
ing out". The eluvial EBP as a whole lead to the 
formation of the A, horizon (podzol horizon) of 
A1-Fe humus podzol soils. The soils of the Kola 
Peninsula forest ecosystems display this process 
in varying degree. 

3) "Eluvial-humus migration" (2.3). Area of 
action: soil. This process consists of the migration 
of "free" fulvic-humic organic substances not 
bound with mobile Fe, Al, Si compounds. 

4) Chelation (2.4). Area of action: soil. This 
process consists of the migration of fulvic-humus 
in the Al-Fe humus soil profile. The humic-fulvic 
compounds can form chelates and complexes with 
metals (especially iron and aluminum). A major 
part of the chelated compounds is fixed in the 
illuvial B horizon of Al-Fe humus soils. 

5) Silicate removal(2.5) consists of the progres- 
sive impoverishment of Si compounds in the Al-Fe 
humus soils. New Si compounds are not actually 
formed in weathering and soil formation in the 
forest ecosystems of the Kola Peninsula. However 
the soils in the Kola Peninsula have high Si con- 
tents and the period of activity for biological and 
geochemical processes is short in the north. So, 
the amount of Si compounds leached out from the 
forest ecosystems of the Kola Peninsula is insig- 
nificant. 

4) Biogenic-accumulative EBP are closely re- 
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Fig. 7. Model of the biogeochemical cycle of the Kola peninsula forests. 
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lated to the activity of living substances. The cold 
climate and almost total leaching make possible 
the successful function of the ecosystems. 

The processes comprise the following: 

1) Production (4.1). Area of action: 
phytocoenosis. 

This process consists of the regular production of 
organic substances by autotrophic organisms. 

2) Biological migration (4.2). Area of action: 
biological layer (biocoenosis + litter). 

Biological migration involves simple processes 
of biological incorporation of chemical elements, 
their transfer within living organisms and their 
return to the soil. In the forest ecosystems of the 
Kola Peninsula, biological migration is spatially 
limited to the biological layer. 

3) Accumulation of biophile (4.3). Area of action: 
biological layer. 

This process consists of a prolonged selective ac- 
cumulation of biophile elements in the biological 
layer . 
4) Humus formation (4.4). Area of action: soil. 

This process involves the transformation of or- 
ganic residues into humic substances. 

5) Mineralization (4.5). Area of action: soil. 
The process consists of the conversion of organic 

residues into simple mineral and gaseous com- 
pounds and water. 

6) Litter formation. Area of action: biological 
layer (4.6). 

The process involves the formation of an or- 
ganogenic horizon on the surface of A1-Fe humus 
soils of podzol profile. This horizon (forest eco- 
system component) is the essential support for the 
main biogeochemical functions in the Kola forest 
ecosystems. 

5. Illuvial-accumulative EBP. Area of action: 
soi1 (5.1) 

Illuvial-accumulative processes consist of the 
continual redistribution, redeposition (resedimen- 
tation) and precipitation of soil-forming products 
within ecosystems. In the extreme growing condi- 
tions of northern forest areas, these processes con- 
sist of the enrichment of a major part of the min- 
eral soil profile with products of ecosystem func- 
tioning . 

The complexation of Al and Fe in humus and 
the enrichment fulvic-acid complexes of Al and Fe 
in the mineral soil are the main process within this 
group. 

CONCLUSIONS 

Biogeochemical cycling defining the biosphere 
functioning is a way of its existence. A model 
based on mere additive parameters of the bio- 
geochemical cycling is inadequate for an analysis 
of the dynamic functioning of the biosphere. 

A concept of elementary basic biogeochemical 
processes has been formulated in this paper. Bio- 
geochemical cycling is considered to be an inter- 
acting system of elementary biogeochemical 
processes (EBP). Each of the elementary bio- 
geochemical processes comprises a large number 
of separate processes of simple nature (physical, 
chemical and other). These processes are initiated 
by living substances and preserve their active char- 
acter only within the ecosystem. 

Within this model developed for the Kola for- 
est ecosystems, two main components are distin- 
guished: biological and soil layers. The latter lay- 
er is spatially divided at the lower boundary of the 
litter. 

The major biogeochemical parameters of the 
Kola forest ecosystems functioning are: 

a) For the biological layer: production and bio- 
logical migration parameters of the group of 
biogenic-accumulative processes. 
b) For the soil layer: parameters of the group il- 
luvialaccumulative processes. These pararneters 
characterize the ability of forest ecosystems to 
achieve prolonged stability under the natural con- 
ditions of the Subarctic. 
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SULFUR AND HEAVY METALS IN FEATHER MOSS 
IN ROVANIEMI URBAN AREA 

by 
Heikki Niskavaara and Matti Äyras 

Niskavaara, Heikki & Ayras, Matti, 1991. Sulfur and heavy metals in 
feather moss in Rovaniemi urban area. Geological Survey of Finland, Spe- 
cial Paper 9, 213-222, 11 figures and 2 tables. 

A study of the variations and elemental associations of heavy metals 
and sulfur in feather moss Hylocomium splendens was carried out in the 
city of Rovaniemi and the surrounding rural area to evaluate the useful- 
ness of mosses as monitors of urban pollution. 

Sulfur was determined in air-dried samples and 27 other elements were 
determined in dry-ashed and acid-digested samples by inductively coupled 
plasma atomic emission spectrometry (ICP-AES). 

Factor analysis of the data gave five distinct factors describing differ- 
ent sources of pollution including combustion engines and heating plants 
burning peat and industrial fuel oil. Lead concentrations up to ten times 
as high as background levels were observed near major roads. Elevation 
of V, Ni and Mo concentrations was noticed near by heating plants using 
industrial fuel oil and slightly elevated S concentrations were found to the 
north of the largest heating plants. 

Feather moss proved to be a suitable sampling material for the moni- 
toring of atmospheric heavy metal and sulfur pollution in local scale. 

Key words: urban environment, pollution, bryophytes, sulfur, heavy 
metals, factor analysis, Rovaniemi, Finland 

Heikki Niskavaara and Matti Ayr&, Geological Suniey of Finland, 
P.O.Box 77, 96101 Rovaniemi 

INTRODUCTION 

The estimation of concentration levels, sources 
and pathways of toxic metals in urban and indus- 
trial environments is of fundamental importance 
to modern municipal planning. The pollutants may 
originate from atmospheric or soil sources. 

Various sample materials including soil, pine 
needles, leaves, lichens and bark have been used 
in environmental Studies to monitor pollution. 

Mosses (bryophytes) are effective biological 
monitors of atmospheric pollution (Ruhling et al. 
1973, Survey of . .1987): they obtain most of their 
nutrients, as well as heavy metals, directly from 

rain water or the impact of particulate airborne 
material and, owing to their primitive cell struc- 
ture, they have a high capacity to retain many in- 
organic ions. The geochemical composition of the 
nearby soil -particularly the major elements -has 
an indirect effect on the metal concentrations of 
mosses through wind-blown dust and through fail- 
out and leaching of nutrients from taller plants. 
The sulfur concentration of mosses may also be 
affected by bacterial activity causing decomposi- 
tion of organic soils (swamps, marshes) and 
producing sulfur containing gases (S4, H2S, CS,, 
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dimethyl sulfide). This is dependent on the natu- genic ernissions on the sulfur and heavy metal con- 
ral S concentration of soil and organic material. centrations of feather moss Hylocomium splen- 

As part of a larger project studying the use of dens. The samples from the surrounding area can 
mosses as geochemical sampling material, a study be considered to represent the unpolluted regional 
was made in the city of Rovaniemi and its sur- background. 
roundings to evaluate the effects of local anthropo- 

METHODS 

On August 30 and 3 1, 1988, seventy-six feather 
moss samples were collected in the city of Rovanie- 
mi and its surroundings. The sampling was car- 
ried out during a short period so that the temporal 
effects of precipitation would be minimized. The 
sampling density was 1 sample/l km2 in the city 
area and about 1 sample/6 km2 in the surround- 
ings. Unfortunately, no mosses were found in the 
most densely populated center area. The samples 
were hand-picked from an area of about 10 m2. 
Only three to five of the uppermost year-shoots 
were used. 

Samples were air-dried and homogenized with 
a beater mill to pass a 0.5 mm screen. The pow- 
der was analyzed for sulfur with a LECO@ 
SC-132 instrument . The method involves oxida- 
tion of the sarnple during combustion in oxygen 
atmosphere, followed by infrared detection of 
SO, gas. The combustion temperature was 1372 
pC at an oxygen flow of 4 l/min. Cs-137 and 
Cs-134 were determined in selected samples at the 
Finnish Centre for Radiation and Nuclear Safety 
in Rovaniemi. 

The rest of the powder was dry ashed at 450°C 
for 14 hours. Some potential losses of more vola- 
tile elements (e.g. Pb, Cd, Zn) can be expected with 

this preparation procedure. 150 mg of the ash was 
digested with 2.25 ml of concentrated hydrochlo- 
ric acid and 0.75 ml of concentrated nitric acid in 
an aluminum heating block at 80°C for 1.5 hours. 
After digestion, samples were diluted to 15 ml with 
deionized water, mixed thoroughly and centrifuged 
to obtain a clear solution. Solutions were analyzed 
for 27 elements with an inductively coupled plas- 
ma-atomic emission spectrometer (ICP-AES) at 
the Chemical Laboratory of the Geological Sur- 
vey of Finland in Rovaniemi. The instrument was 
a Thermo Jarrell-Ash Polyscan 61E vacuum-spec- 
trometer with 31 fixed channels. Operation con- 
ditions were RF-generator power 950 W, plasma 
gas flow 18 l/min, nebulizer pressure 35 psi, 
auxiliary gas flow 1.0 l/min and observation height 
13 mm. Automatic background correction and in- 
terelement interference correction were applied. 
The results were calculated on dry weight. 

The data of two samples were rejected because 
of excessively high ash content (more than 10 % 
of dry sample) due to contamination by mineral 
soil dust. The data for 28 elements and ash con- 
tent were used in further processing and a factor 
analysis using varimax rotation was carried out. 

CONCENTRATION LEVELS 

The average concentrations of heavy metals in 
feather moss in the Rovaniemi area were mostly 
at the same level as found in an internordic study 
(Survey of. . . 1987) in 1985 (Table 1). However, 
there was substantial differences due to local an- 
thropogenic activity. 

The average vanadium concentration (Table 1 
and Fig. 1) was five times as high as the regional 
background concentrations of the Nordic study 
(Survey of. . . 1987) and comparable to the levels 
in the Helsinki area. The elevated concentrations 
are due to high local levels caused by the burning 

of industrial oil in heating plants. The background 
values (less than 4.4 ppm) in the rural area around 
the city corresponded to the background level of 
the Nordic study. Nickel and cobalt showed a simi- 
lar, though less pronounced elevation. 

The chromium concentrations were lower than 
those reported in the interNordic study (Table 1 
and Fig. 2). The high values in the latter study were 
explained as due to long distance transport from 
the Outokumpu steel works in Tornio, but no such 
effect was evident in this study. The background 
values (less than 2.2 ppm) outside the city area 
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Fig. 1. Vanadium concentrations in feather moss in the Rovaniemi area 

Table 1. The concentration levels of selected metals in mosses. 

This study (ppm) Internordic study (1) 

Average S.D. Background Average 
Rovaniemi Finland 

area 

Al 666.1 372.5 - - 
B 2.3 1.1 - - 
Cd 0.15 0.07 0.10-0.20 - 
Co 0.55 0.32 - 0.42 
Cr 4.50 3.08 6.0-8.0 - 
CU 7.59 1.64 4.0-8.0 - 
Fe 993.2 624.6 - - 
Mn 558.4 230.2 - - 
Mo 0.29 0.13 - 0.3 
Ni 5.98 3.90 2.0-4.0 - 
P 1335.80 340.31 - - 
Pb 13.15 7.87 10.0-20.0 - 
S 933.55 158.60 - - 
Sr 6.09 4.76 - - 
Th 0.26 0.12 - 0.18 
Ti 43.2 28.8 - - 

This study (ppm) Internordic study (1) , 

Average S.D. Background Average 
Rovaniemi Finland 

area 

V 15.62 15.54 2.0-4.0 - 
Zn 44.10 17.55 less than 40 - 
Ba 23.27 12.21 - - 
Ca 2836.5 687.5 - - 
K 4557.1 932.5 - - 
La 0.64 0.42 - - 
Li 0.46 0.32 - - 
Mg 1094.8 344.8 - 
Na 171.9 86.8 - 
Sc 0.15 0.09 - 
Si 97.8 39.6 - 
Y 0.24 0.16 - 
Ash % 4.06 1.93 - 
Cs-137 590 Bq/kg - - 
Cs- 134 160 Bq/kg - - 
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Fig. 2. Chromium concentrations in feather moss in the ~ o v a k e m i  area. Symbols of heating plants as in Fig. 1 .  

were equivalent to the regional background levels 
in rest of Scandinavia. However, the difference in 
ashing/digestion procedure may have influenced 
the results. If chromium was present as particu- 
late chromite compounds which are insoluble in 
the acids used in this study, this would be reflected 
as lower concentrations of chromium. 

The highest concentrations of lead (more than 
30 ppm) were equal to the regional values of the 
most contarninated areas in Scandinavia but these 
were for samples collected near heavily-travelled 
roads (Table 1 and Fig. 3). The lead concentra- 
tion of feather moss is a good indicator of heavy 
traffic. The main roads and intersections stand out 
prominently. The lead concentrations also decrease 
quickly with distance to background level (less than 
10 P P ~ ) .  

No reference data were available for sulfur. One 

significant observation is that the sulfur concen- 
trations display only small variation, though a 
clear difference exists between background and ur- 
ban levels (Fig. 4). The fact that sulfur is an es- 
sential plant nutrient may explain the narrow var- 
iation in the sulfur concentrations in mosses. Bi- 
ological processes obviously smoothen the varia- 
tion. Sulfur occurs in the tissues of plants as or- 
ganic sulfur, but when exceeding the metabolic re- 
quirements also as readily mobile sulfate sulfur 
(Severson et al. 1982). This part of sulfur prob- 
ably is stronger controlled by the concentration of 
sulfur in the environment of the plant. Neverthe- 
less, anthropogenic activity does not seem to af- 
fect the sulfur concentrations in mosses so pre- 
dominantly as it does the concentrations of the 
toxic trace elements. 

Thorium, which is considered to originate main- 
ly from the burning of peat, was present at slight- 
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Fig. 3. Lead concentrations in feather moss in the Rovaniemi area. Symbols of heating plants as in Fig. 1. 

ly elevated level in the study area. The concen- three times as high as the interNordic background 
trations near the Suosiola peat plant were about (Fig. 5). 

DISPERSION PATTERNS 

The prevailing wind directions (Fig. 6) and the 
topographical features of the Rovaniemi area 
markedly affect the patterns of dispersion and 
deposition of elements. In addition to the results 
for individual elements, factor analysis was applied 
to discover elemental associations and pollution 
sources, pathways and patterns. 

The factor analysis yielded four factors ex- 
ceeding the eigenvalue of 1 .O. The factor loadings 
after orthogonal varimax rotation are shown in Ta- 
ble 2. 

Factor 1 (Fig. 7) including Ti, Sc, Y, Al, Fe, Li, 
La, Co, Th, Na, Si, Ba, Mg, Cr and ash % can 
be interpreted as a geological soil factor. Most of 
the elements in this factor are major components 
or rare earth elements of geological materials and 
can be concluded to have originated from dust of 
the surrounding soil. The distinct correlation with 
ash content (T %) reflects the amount of minero- 
genic material. As an example, the correlation plot 
of Fe/ash concentrations is shown in Fig. 8. This 
positive correlation with ash can make interpre- 
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Fig. 4. Sulfur concentrations in feather moss in the Rovaniemi area. Symbols of heating plants as in Fig. 1. 

tation difficult because the amount of minerogenic clearly indicates the effect of emissions from 
material seems to control totally the concentration heating plants fired with industrial fuel oil. Max- 
of the elements present in this factor. The impact imum contents of these elements and highest fac- 
of other potential sources of these metals tends to tor scores were found around the largest heating 
be insignificant. This factor can best serve as pa- plants in the southern part of Rovaniemi. The 
rameter for estimating the amount of soi1 contami- Suosiola heating plant, which is situated in the 
nation of a specific sample. same area, uses industrial fuel oil in addition to 

Factor 2 including B, Zn, Sr, Ca, P, K and Cd 
(Mg) is difficult to interpret. The highest factor 
scores are clearly located in the northern part of 
the city. The metal combination has no obvious 
explanation, though the fertilizers used in city 
parks may be relevant . The municipal dump is also 
situated in this area, which may affect the results. 
The prevailing wind-direction from south to north 
may disperse the particulate material or incinera- 
tion products in a topographically favorable area. 

peat and increases the total emission of sulfur. Lo- 
cally elevated concentrations of the elements of 
factor 3 around smaller heating plants are also ob- 
served. The maximum concentrations spread out 
to north-northeast in the prevailing wind direction. 
Heavy metals are dispersed mainly as particulates 
and the dispersion pattern is more local as shown 
by the dispersion of vanadium (Fig. 1). Sulfur is 
dispersed mainly as gaseous SO, and the disper- 
sion is more even and broader (Fig. 4) extending 
at least 10 km from the main emission sources. 

Factor 3 including Ni, V, Mo and S (K, P, Cr) The dispersion pattern of sulfur resembles that 

218 
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Fig. 5. Thorium concentrations in feather moss in the Rovaniemi area. Symbols of heating plants as in Fig. 1. 

reported in another study (Karstastenpää 1985) of The results are sporadic and could not be inter- 
air quality in the Rovaniemi area in 1985 where preted. Factor 5 consists of Pb and Cu (Cd) and 
pine needles were used as indicators. is clearly explained by traffic. 

Factor 4 (Fig. 9) in practice includes only Mn. 

CONCLUSIONS 

The heavy metal and sulfur levels in the 
Rovaniemi area can be considered moderate rela- 
tive to levels in more polluted areas in Scandinavia. 
However, the contrast with the surrounding un- 
polluted areas is sharp enough to allow delinea- 
tion of the extent of pollution. 

The main atmospheric pollutant sources in the 
Rovaniemi area are the heating plants, which emit 
heavy metals like V, Ni, Mo ,Cr and gaseous sul- 

fur compounds. The dispersion is very local, how- 
ever. The prevailing wind direction and local re- 
lief affect in the dispersion patterns unfavorably: 
the pollutants are deposited mainly in the most 
densely populated areas of Rovaniemi. In the most 
polluted areas the concentrations of some elements 
(e.g. V) are ten times as high as the regional back- 
ground. 

The pollution due to road traffic is restricted 
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Fig. 6. The wind directions at Rovaniemi Airport. Climatological &ta 1988. Meteoro- 
logical Yearbook of Finland 88, Part 1. The Finnish Meteorological Institute. 

Fig. 7. Factor scores of Factor 1 in the Rovaniemi area. Symbols of heating plants as in Fig. 1 .  

220 
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Fig. 8. The correlation plot of Fe/ash concentrations. 

to strips along the major roads. Hopefully this The moss Hylocomium splendens seems to be 
source of lead will be reduced in future through an idea1 sampling material to identify and assess 
the increased use of unleaded gasoline. Road traf- the atmospheric pollution caused by local sources 
fic, along with fertilizers, is also the main source of heavy metals. Sampling is easy and inexpensive 
of another toxic element, cadmium. in comparison with the use of mechanical air sam- 

plers and deposition gauges or direct analyses of 
air. Feather moss is easy to identify, though hard 

Table 2. The factor loadings. to find in cultivated and densely populated areas. 

Eiaenvalue 16.94 

The amount of minerogenic material originating 
from soil dust affects the ash content (the amount 
of organic and inorganic material in a specific sam- 
ple) and the results, especially when ashed sam- 
ples are used for analyses but also when wet-ashing 
procedures are used in dissolution. This was no- 
ticed particularly at sampling sites where human 
activity raises dust (traffic etc). Thus sampling sites 
need to be selected with special care in urban and 
industrial environments, if possible well protected 
from flying dust. Washing of samples during sam- 
pling may remove particulate material adhering to 
the sample, but it may also leach out metals that 
are part of the sample structure. The determina- 
tion of ash concentration would seem to be essen- 
tial for estimating the quality of moss samples and 
the amount of minerogenic material. 

Feather moss would not appear to be a suitable 
indicator for airborne poilutants that are among 
its major nutrient or components of geological soil 
materials, because the effect of deposition from 
the air will in most cases be insignificant relative 

T 070 is ash content to the natural variation and the effect of soi1 con- 
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Fig. 9. The manganese concentrations in feather moss in the Rovaniemi area. Symbols of heating plants as in Fig. 1. 

tamination. Temporal variations in precipitation pling is to be carried out over an extended period 
will also affect the concentration of elements in and for elements with an inherently small varia- 
local scale. This is particularly significant if sam- tion. 
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The use of georeferenced information to reveal phenomena effecting 
forest growth has recently become of interest through the improvement 
of both data and the suitable computer programs. In northern Finland 
there exists e.g.; data on the geochemical till, stream sediment and moss 
collected in the Nordkalott Project by the Geological Suwey of Finland, 
and the data arranged on a sample plot basis from the 7th National Forest 
Inventory by the Finnish Forest Research Institute. The latter contains a 
number of variables related to tree stand and site. 

A preliminary visual inspection was done, by matching map overlays 
in order to see corresponding anomalies in the content of some elements 
and in the areal distribution of tree species, timber volume and site type. 
In the next stage the interesting correlations from the delineated areas are 
studied numerically. The effect of local climate is standardized by the mod- 
el, which makes use of topographical and long-term climatic data. In this 
way, the importance of the measured soil variables as growth factors wili 
be better assessed. 

Key words: soils, geochemistry, forests, growth, geographic information 
systems, northern Finland 
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INTRODUCTION 

Forest growth depends on environmental fac- 
tors, some of which are related to climate, others 
to soil. For a long time there has been a recogni- 
tion of the zonation of forest ecosystems, mainly 
due to climatic differences in different areas. Bed- 
rock geology and the quaternary deposits also 
make up larger regions even though the distribu- 
tion of geological features is generally more 
sporadic and less well understood from the point 
of view of tree nutrition. Forest sites differ some- 
times at very short distances. In these cases we 
must look for the explanation of growth in differ- 

ences in the soil. 
The traditional way of studying factors affecting 

forest growth is by doing field experiments, and 
by collecting inventory data from larger areas. 
Combining data from separate inventories of dif- 
ferent disciplines has not been an often used prac- 
tice, due to lack of common denominator, a lack 
of data, or a lack of a knowing how to do it. 
Today these circumstances do not prevent us from 
setting up computer systems which help to man- 
age and analyze large files of varying data. 
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TECHNICAL POSSIBILITIES 

Computerized land information systems (LIS) 
have been under development for some time. The 
starting point was the need to automatize map pro- 
duction and to manage land- related registers. In 
Finland a special LIS project, "Paikkatietojen 
yhteiskayttö Suomessa" was initiated in 1985 (Rai- 
nio 1988). By broadening the scope of data, we 
nowadays more often speak about GIS (Geo- 
graphical Information System)- technology which 
can be defined as " a computer based system to 
capture, store, edit, manipulate and display geo- 
graphically referenced information" (Fig. 1). 

In geology there is an old tradition of seeing ob- 
servations in a 3-dimensional space. This way of 
thinking has now reached forestry research as well; 
in many cases the forest stand is studied and visu- 
alized by 3-dimensional models. By the use of geo- 
referenced height models, the location and height 
of a place can be combined with long-term climatic 
data, from the nearest recording station, to cal- 
culate the local climate better than before (Ojan- 

computer mapping, and spatial statistics are main 
categories when working within a GIS environ- 
ment. The objective of study determines which of 
these parts will become most important. Berry 
(1986), eg., gives an example of the power of spa- 
tial statistics as compared with traditional statis- 
tics in identifying two population extremes (Fig. 2). 

GIS technology requires both software and 
hardware. Good products are already commercial- 
ly available-though not always at affordable 
prices. The present trend is towards the use of 
working stations and microcomputers instead of 
mainframes. User interfaces are being given more 
attention. The following sample describes the oper- 
ating environments of some familiar programs 
with GIS capabilities: 

Program Developer Operating environment 

FINGIS The National Board VAXNMS, Unix 
of Survey, Finland 

ARC/INFO ESRI (Environmental VAX/VMS, Unix, Dos 
Systems Research 

suu & Henttonen 1983). This opens new prospects 
in the study of forest growth conditions as well. GRASS 

Database management, cartographic modelling, 

~nstitute, U.S.A. 
U.S. Army Corps of Unix 
Engineers - public 
domain 

MODELING 

I DECISION ANALYSIS I 
Fig. 1. A Geographical Information System (GIS) may consist of different databases and activities (redrawn after Arc/Info. 1989). 
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X Y Beta.  Alpha 
1666.7 8332.5 390.0 428.2 
6666.0 6666.0 370.5 432.4 
4999.5 4999.5 373.4 430.8 
3666.3 3666.3 384.0 424.0 
4000.0 2500.7 378.7 429.3 
1666.7 1666.7 376.2 439.5 

8% ORGANISM DENSITY 

JOINT MEAN 6 0  hX8 -- k-- 
e* 

" i 
40 

XA Lomtions of extreme 
- 
XA . 430.7. Z 5.17 

differences in orgonism - population levels 
Xg * 379.3. t 7.18 COINCIDENCE 

NUMERIC SPACE GEOGRAPHIC SPACE 

Fig. 2. By the use of spatial statistics maps characterizing spatial variation among two or rnore variables can be com- 
pared and locations of unusual coincidence identified (Berry 1986). 

An operational GIS hardware system requires in this study were produced in a mainframe en- 
enough memory, a graphics display and a good vironment using programs developed at the Geo- 
plotter - features that personal computers already logical Survey of Finland (GSF) and the Finnish 
may have or will have in the near future. The maps Forest Research Institute (FFRI). 

AVAILABLE DATA 

The data in this study came from two sources: 
the Geochemical Atlas of Northern Fennoscandia 
(Bdviken et al. 1986) and the 7th National Forest 
Inventory (Kuusela et al. 1986). 

The Nordkalott Project, supported by the Nor- 
dic Council of Ministers, and carried out by the 
Nordic geological institutes, took place from 1980 
to 1986. The project was-as stated by the mem- 
bers - "a multielement low-density reconnais- 
sance survey". Sampling was planned in such a 
way that there was one sampling station every 
30 km2. Within this cell, subsampling was done 
from a selected drainage area of approximately 
10 km2. In order to reduce the cost of analysis, 
samples were combined to represent an area of 
100-200 km2. The collected materia1 includes 
samples of till, stream sediments, stream organic 
matter and stream moss. Chemical analysis in- 
cluded a number of total and/or acid soluble ele- 
ments. The results were published as a series of 
computer-processed maps. 

The 7th National Forest Inventory was carried 
out between the years 1977 and 1984 by the Finn- 

ish Forest Research Institute. In northern Finland 
the inventory was done tractwise, using three 
different sarnpling systems in the defined sub-areas 
to reduce the costs of field work. In Pohjois- 
Pohjanmaa and Kainuu a systematically placed 
tract consisted of 41 sample plots, 21 of which were 
tree tally plots. This method was used in south- 
ern Finland as well. The inventory method used 
in Lapland and northeastern Finland was a two 
phase sampling for stratification. Data gathered 
in the field is extended to all plots interpreted from 
aerial photographs. The method used in the north- 
ern part of Lapland differs from the one used in 
southern Lapland and northeastern Finland in that 
the field plots were defined after remote sensing, 
whereas in the latter areas the systematic field sam- 
pling was done in advance (Fig. 3). 

In the ordinary tractwise inventory one field plot 
represented an area of 1.56 km2. In the two-stage 
sampling procedure, one interpreted photo point 
represented an area of 1.0 to 1.2 km2. Compared 
with the geochemical mapping data, the sampling 
density in the forest inventory was of the order 
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of 100 times denser. The numerous variables mea- 
sured were related to the growing stock and the 
site. More detailed information can be found in 
the inventory instructions and the published 
reports (Valtakunnanmetsien . . . 1982, Mattila 
1985). 

Fig. 3. Forest inventory subareas (Ruusela et al. 1986). 

southern part 

Y ainuu 

PRELIMINARY RESULTS 

Study of data took place in the form of visual values and negative correlations do not emerge in 
inspection of computerized symbol (logarithmic) the same manner as high values and positive corre- 
and raster maps in the same scale (Fig 4). Both lations. 
outputs make it possible to detect the location and 
to delineate at least the strongest anomalies in the Table 1. Common anomalies in both the forest and the geochemi- 

cal data in northern Finland. 
two sets of inventory data. Plotwise forest inven- 
tory data was calculated from Square cells, one Material Element Forest variable Comment 

(prop.) (prop.1 side beina 10 km and the corresponding area - - 
100 km2. Till K dryish site clear 

fraction: <0.062 mm Mg damp site fair 
This presentation comments shortly some ob- anaiysis: OES Ni )) )) 

servations, made by visual inspection of maps, in 
order to demonstrate the method used (Table 1). 

As dryish site )) 

Mn dry and dryish sites » 
Cr damp site >) 

The data for inspection was chosen in such a way Tili Ca pine fair 

that the variables describe site conditions, tree spe- ~ ~ $ ~ i  ~ ~ - O . S O  
rich sites )) 

K dryish site 
cies and timber volume on the one hand and rele- 

)> 

Mg damp and rich sites » 

vant elements in till and stream sediments on the spruce )) 

Al pine 
other. The selection was based upon the assump- Stream sediment 

>) 

Ca damp and rich sites fair 
tion of the role elements as being potentially either leaching: 7M HNO3 M g  » )) 

growth promoting or toxic. On these maps low analysis: ICP Al pine )) 



T I U  
Heavy rninerals 

Fig. 4. Two examples of anomalies of geochemical and forest 
data in northem Finland. 
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DRYISH 
SITES PROPORTION OF SITE CLASSES IN A CELL 

x No. of cells 
D 0 . 7 0 -  19.99 228 
a20.00 - 29.99 256 
O 3 0 . 0 0 -  39.99 399 
a40.00 - 49.99 318 

PINE PROPORTION OF MmINANT TRRE SPECIES 
IW A CELL 

X No. of cells 

Arnong the most striking findings in this prelimi- by adding earlier research findings and expertise 
nary inspection was, perhaps, the coincidence of on nutrition and tree physiology in the analysis, 
the anomalies of potassium, and the proportion it is anticipated that interesting hypotheses will 
of dryish sites (pine sites). This finding does not arise. 
necessarily imply a causal relationship. However, 
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FUTURE DEVELOPMENTS 

Continuation of the analysis will include more 
careful delineation of anomalies and the numeri- 
cal study of correlations inside them. Sensitivity 
of variables to varying cell sizes and to varying 
number of observations is worth studying as well. 
As stated in the beginning, the growth of forest 
trees is primarily the product of both climatic and 
soil-related growth factors. Therefore, in order to 
improve the explanatory power of soi1 variables, 
we need to standardize the climatic component. 
This can be done by the methodology mentioned 
earlier . 

A GIS approach enables us to make better use 

of existing data in many ways. If this paper has 
demonstrated the potential of the combined use 
of geochemical and forest inventory data in the 
process of formulating new hypotheses or refining 
the old ones, it has fulfilled its objective. Future 
databases and the data integrating systems make 
the access to data and the data manipulations 
faster and easier. Raster- form data from satellite 
scanners is readily applicable. The use of GIS tools 
for the analysis of georeferenced data can also di- 
rect the future data inventories to take into account 
the multiple needs of the different data users. 
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ON THE CHEMICAL COMPOSITION OF BERRY PLANTS 
IN PLOUGHED FOREST REGENERATION AREAS 

by 
Pentti Sepponen 

Sepponen, P., 1991. On the chemical composition of berry plants in 
ploughed forest regeneration areas. Geological Survey of Finland, Spe- 
cial Paper 9.  229-234, 6 figures and 2 tables. 

The sampling materials studied were roots, stems and leaves of lingon- 
beny Vaccinium vitk-idaea, bluebeny Vaccinium myrtillus, crowbeny Em- 
petrum nigrum coll. and bog bilberry Vaccinium uliginosum. The sam- 
ples were collected in ploughed forest regeneration areas around Sodankyla 
and Rovaniemi during the summers of 1986-1988 by sampling the bot- 
toms, shoulders and tilts of ploughed furrows and untouched soil (level 
ground). A total of 1706 samples were analyzed for N, Fe, Al, P, Ca, Mg, 
K, Mn, Zn, Na and Cu. 

The location of the sampling sites in the ploughed furrow proved to have 
a distinct effect on element concentrations, those of Fe and Al in particu- 
lar. The roots, stems and leaves sampled from the bottom of the furrow 
had many times higher concentrations than those from the untouched soil. 
Intermediate values were shown within the shoulders and tilts. The distri- 
bution trends of the other elements were less regular. 

Key words: environmental geology, plants, chemical composition, alumi- 
num, iron, nutnents, Rovaniemi, Sodankyla, Finland 

Sepponen P, Finnish Forest Research Institute, Rovaniemi Research Sta- 
tion, P.O. Box 16, 96301 Rovaniemi, Finland 

INTRODUCTION 

Ploughing of forest soil affects the nutrient me- 
tabolism of soil (Kubin 1984, Tikkanen 1985). It 
has been observed that the abundance of soluble 
nitrogen distinctly increases in newly ploughed 
areas during the few years immediately after the 
ploughing. This manifests itself not only in the 
concentration of nitrate nitrogen in the humus of 
the tilts but also in the quality of the runoff waters 
(Kubin 1984). 

Tikkanen (1985), who has studied the iron and 
aluminium compounds in ploughed areas, noted 
that the abundances of active, arnorphous iron and 
aluminium are highest in the illuvial soil horizon. 

The concentration of amorphous iron is clearly 
highest in the illuvial layer turned over the tilts. 
The solubility of both aluminium and iron in- 
creases in soil with the decrease in pH. This hap- 
pens when the illuvial layer is turned over the tilt 
and the iron compounds precipitated in it are ex- 
posed to acid rainwater. The same happens on the 
bottom of ploughed furrows if the furrow extends 
to the illuvial horizon. As a consequence, the solu- 
bility of the above elements increases and may ac- 
celerate the entrance of these elements into the nu- 
trient cycle. 

The present study deals with the nutrient State 
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in old ploughed areas on the basis of the chemi- growing on various micro-forms of the ploughed 
cally analyzed nutrient contents of the berry plants furrows. 

MATERIALS AND METHODS 

The materia1 was composed of random samples 
taken from the areas ploughed over ten years ago 
in the districts of Rovaniemi and Sodankylä (Fig. 
1). The samples were collected in the course of the 
ecological assessment of the ploughed areas. 

During the summers 1986-1988 some of the as- 
sessed ploughed areas were sampled for the roots, 
stems and leaves of blueberry Vaccinium myrtil- 
lus, lingonberry Vaccinium vitis-idaea, crowber- 
ry Empetrum nigrum coll. and bog bilberry Vac- 
cinium uliginosum from furrows, shoulders, tilts 
and untouched level ground, making every effort 
to ensure that the samples were comparable (Fig. 
2). The samples collected from 42 ploughed areas 
were dried and submitted to chemical analyses. 

The total nitrogen was determined by the Kjeldahl 
method. The samples were ashed and leached in 
hydrochloric acid and analyzed for Fe, Al, P, Ca, 
Mg, K, Mn, Zn, Na and Cu. A total of 1706 sam- 
ples were analyzed. 

The analytical data exhibited skewed distribu- 
tions, and the data from different micro-forms 
were not equal in number. Therefore, the differ- 
ences in nutrient contents between the micro-forms 
were tested with the aid of the Kruskal-Wallis 
unidirectional variance analysis. The nutrient con- 
tents of the plants are shown in the figures as aver- 
ages although the differences between the micro- 
forms were also examined with the aid of medians. 

Fig. 1. Location of the ploughed areas studied. 
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width cm 
Fig. 2. Sampling sites shown on a cross section of a ploughed furrow. 

RESULTS AND DISCUSSION 

The difference in chemicai composition between The aiuminium concentrations are highest in the 
the various microforms is best illustrated by the roots (Fig. 3). The samples taken from the bot- 
iron and alurninium concentrations (Figs. 3 and 4). tom of the furrows exhibit concentrations many 
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" BOTTOM SHOULDER TILT LEVEL 
GROUND 

0 
BOTTOM SHOULDER TILT LEVEL 

GROUND 

STEMS 

LEAVES 

BLUEBERRY 

BOG BILBERRY 

BOTTOM SHOULDER TILT LEVEL 
GROUND 

Fig. 3. Aluminium concentrations in different parts of the plants by micro-form (for micro-forms see Fig. 2). 



Geological Survey of Finland, Special Paper 9 
Pentti Sepponen 

times higher than those taken from unworked level 
ground. The aluminiurn values of the samples from 
shoulders and tilts differ similarly to those taken 
from level ground. The difference is statistically 
significant. The averages and medians of the 
aluminium concentrations and the level of the 
statistical significance of the difference between 
the micro-forms are summarized in Table 1, with 
the data on lingonberry and blueberry as exam- 
ples. The alurninium values of the stems and leaves 
also vary similarly to those of roots, although the 
concentrations are lower (Fig. 3, Table 1). 

The variation in the iron concentrations of the 
different parts of the plants are similar to those 
of the aluminium concentrations (Fig. 4, Table 2). 
The highest iron concentrations are found in all 
parts of the plants taken from the bottoms of the 
furrows. The differences in concentrations between 
the micro-forms were statistically significant, as 
already stated for aluminium (Table 2). The vari- 

ROOTS 

ation in the concentration of both iron and 
aluminium suggests that these elements are mobi- 
lized in the ploughed furrows wherever the iron 
and aluminium compounds of the illuvial horizon 
are exposed to air and rainwater. According to 
Tikkanen (1985), this leads to decrease in pH, en- 
hancing the solubility of iron and aluminium. 
Soluble iron and aluminium then migrate to the 
plants. The findings of the present study are con- 
sistent with the observations and conclusions of 
Tikkanen in this respect. 

The nitrogen concentrations of the plants did 
not show that clear differences between the micro- 
forms (Fig. 5). Therefore, the mobilization of 
nitrogen in worked soi1 does not manifest itself, 
at least not distinctly, in the plants growing in old 
ploughed areas and the mobilization may be evi- 
dent only during the few years immediately after 
ploughing (Kubin 1984). 

The concentrations of the other nutrients do not 
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Fig. 4. Iron concentrations in different parts of the plants by micro-form (for micro-forms see Fig. 2). 
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Table 1. Averages and medians (x and Md) of the aluminium con- 
centrations (mg/100 g) in different parts of blueberry and lingon- 
berry by ploughed area micro-form, and the statistical significance 
level of the difference between the concentrations of the micro-forms 
according to the Kruskal-Wallis variance analysis. 

LEAVES 

Table 2. The averages and medians (x and Md) of iron concentra- 
tions (mg/100 g) in different parts of blueberry and lingonberry by 
ploughed area micro-form, and the statistical significance level of 
the concentrations between the micro-forms according to the Kruskal- 
Wallis variance analysis. 

LEAVES 

Bottom Shoulder Tilt Level Level of 
ground sianificance 

Bottom Shoulder Tilt Level Level of 
ground significance 

STEMS 

n 13 38 44 45 
x 69 51 45 17 0.005 
Md 25 30 18 12 
n 20 38 48 48 
x 13 11 10 6 0.000 
Md 11 9 7 5 

STEMS 

Bottom Shoulder Tilt Level Level of 
ground significance 

- - 

Bottom Shoulder Tilt Level Level of 
ground sinnificance 

ROOTS 

Bottom Shoulder Tilt Level Level of 
ground significance 

n 15 38 44 45 
x 157 65 58 25 0.000 
Md 107 59 36 20 
n 20 38 48 48 
x 126 115 79 30 0.000 
Md 110 93 60 19 

ROOTS 

Bottom Shoulder Tilt Level Level of 
eround sienificance 

1 ROOTS LEAVES 1 
Fig. 5. Total nitrogen concentration in the roots and leaves of lingonberry by micro-form (for rnicro-forms 
see Fig. 2). 
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ROOTS 

LEAVES 

LEVEL [23 BOTTOM SHOUDER TiLT ,,omD 
Fig. 6. Concentration of the plant nutrients in the roots and leaves of lingonberry by micro-form (for rnicro-forrns see Fig. 2). 

differ very significantly between the micro-forms those from the other micro-forms; otherwise there 
of the ploughed furrows. As an example, the K, are no marked differences. However, it should be 
P, Ca, Mg, Na, Mn, Cu and Zn concentrations remembered that the areas studied were ploughed 
of the roots and leaves of lingonberry are exam- over 10 years ago. Therefore it is possible that 
ined (Fig. 6). The samples collected from un- some nutrients are more intensely mobilized dur- 
touched level ground seem to contain calcium and ing the early development of the ploughed areas. 
manganese in slightly higher abundances than do 
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HEAVY METAL CONCENTRATIONS OF AQUATIC MOSSES 
IN A POLLUTANT FREE AREA 

Liisa Ukonmaanaho 

Ukonmaanaho, Liisa, 1991. Heavy metal concentrations of water mosses 
in a pollutant free area. Geological Survey of Finland, Special Paper 9, 
235-240, 5 figures and one table. 

Several studies have shown that mosses accumulate heavy metals. The 
moss samples of this study were coilected in western Finnish Lapland, which 
is relatively free from pollutants. Aquatic species of moss were represented 
by: Fontinalis antipyretica, Pseudobryum cinclidioides, Calliergon cordi- 
folium and terrestrial species by Hylocomium splendens . Concentrations 
of four heavy metals Co, Ni, Pb, Cd were measured. The concentrations 
varied with location, and the results indicate that the variation of the metal 
concentrations in mosses is considerable even without the influence of pol- 
lutants. Evidently, the bedrock and the geochemistry of the overburden 
strongly affect the heavy metal concentrations of aquatic mosses. The 
ranges of heavy metal concentrations also vary between species. 

Key words: geochemistry, bryophytes, heavy metals, northern Finland 

Liisa Ukonmaanaho, The Finnish Forest Research Institute, Department 
of Peatland Forestry, P.O. Box 18, SF-01301 Vantaa, Finland 

INTRODUCTION 

The primary objective of this study was to evalu- 
ate the use of moss chemistry for ore exploration, 
but the applicability to environmental monitoring 
is of interest as well. 

Several studies have shown that aquatic mosses 
growing in contaminated water accumulate heavy 
metals (Burton & Peterson 1979, Say et al. 1981). 
Terrestrial mosses have been extensively used to 
monitor airborne contamination (Ruhling et al. 
1987), but the use of submerged aquatic species 
to monitor metal concentrations in rivers has 
received iittle attention. Studies by Say et al. (1983) 

have shown the input of heavy metals into the 
River Etherow in Great Britain to increase the 
metal concentration of the submerged mosses Fon- 
tinalis squamosa and Rhyncostegium riparioides. 
Empain (1980) has demonstrated that unknown 
heavy metal concentrations in water can be esti- 
mated on the basis of known concentrations in 
moss plants. Erdman and Modreski (1984) have 
shown that the Co and Cu concentrations in 
mosses are higher in mineraiized areas than in 
background areas. 
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Fig. 1 .  The study area with sampling sites. 

MATERIAL AND METHODS 

Study area 

The study area is situated in western Finnish Anomalous cobalt and nickel concentrations were 
Lapland (Fig. 1). There are no significant emis- found in the Kittila, Enontekiö and Rovaniemi 
sion sources in the area, except for road traffic areas in a geochemical mapping program (Balviken 
in the vicinity of Rovaniemi. As a whole, the study et al. 1986), and some high concentrations of lead 
area is relatively free from pollutants. occur in the Kittila, Meltaus, Unari and Rovanie- 

The bedrock in western Lapland is composed mi areas. 
mainly of crystalline rocks: gneisses and granites. 

Sampling and analyses 

The moss samples of this study were collected 
from 39 locations in western Lapland during sum- 
mer 1984 (Fig. 1). The mosses were sampled from 
a 100-m stretch of stream, and washed carefully 
in stream water to remove any larger particles and 
attached invertebrates. They were then gently 
squeezed and put into separate paper bags accord- 
ing to species. The aquatic species sampled were: 
Fontinalis antipyretica, Pseudobryum cinclidioides 
and Calliergon cordifolium, but not all were col- 

lected at every site. The terrestrial moss Hyloco- 
mium splendens was taken from all sites. 

Samples were dried at 40°C, ground and ashed 
at 500°C. The ash was leached with HN03 and 
Cd, Co, Ni and Pb were determined by graphite 
furnace atomic absorption spectrophotometry 
(GAAS). The results are presented as pg/g dried 
material. The chemical analyses were carried out 
at the Geological Survey of Finland. 
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RESULTS AND DISCUSSION 

Ail heavy metais are toxic to plants and animals 
in high concentrations, but small amounts are 
needed for biochemical reactions. Heavy metals 
are found virtually everywhere: in air, water, soil, 
bedrock and living organisms. Concentrations are 
being increased by growing industry, traffic and 
mining. Emissions are not the only source of heavy 
metal, however; they also come from the bedrock 
through weathering. Dissolved in water and dis- 
persed in the soil, they become available for plants. 
Weathering is responsible for the elevated heavy 
metal concentrations in mosses in unpolluted 
areas . 

The Pb, Co, Cd and Ni concentrations in the 
four different mosses at the 39 sampling sites are 
presented in Figs 2,3,4 and 5; the average concen- 
trations at each sampling site are listed in table 1. 
are. 

Two distinct features of the metal concentra- 
tions bear notice. First, the concentrations of 
heavy metals are higher in the Rovaniemi area than 
farther north. The influence of air pollution is evi- 
dent, but there are nickel and cobalt deposits in 
the Rovaniemi area. 

Secondly, in the northernmost areas where there 
are no pollutant sources, the aquatic mosses es- 
peciaily Fontinalis antipyretica , exhibit higher 
heavy metal concentrations than the terrestrial 
moss Hylocomium splendens. This indicates that 
the dissolution from bedrock, not atmospheric 

Co, 

North 
nn + South 

deposition, is the main source of heavy metals in 
water. 

In general, the concentrations of Ni and Co 
measured in Hylocomium splendens are higher 
than those reported by Ruhling et al. (1987) for 
mosses in the Nordic countries. Anomalous Ni and 
Co concentrations occur in the bedrock of the 
study area (Bölviken et al. 1986), which means that 
Hylocomium splendens obtains heavy metals from 
the soil, not only from the atmosphere. 

High Ni and Co concentrations tend to occur 
at the same sites. In the Kittila area (sites 13 and 
16) the Ni concentrations are over 11 pg/g and the 
Co concentrations over 25 pg/g. In the Meltaus 
area (site 27) the Ni and Co concentrations are 
14.3 pg/g and 47.4 pg/g respectively. The highest 
cobalt concentration was 11 8 pg/g in a sample site 
(35) near Rovaniemi where extremely high concen- 
trations of several heavy metals were found. This 
is probably the only sarnpling site that is signifi- 
cantly affected by air pollution. In the Kittila area 
high Ni and Co concentrations are associated with 
the nickel and cobalt anomalies in till within the 
catchment areas. 

The average concentrations of Cd and Pb are 
similar to those reported by Ruhling et al. (1987), 
but the ranges are wider: the concentration of Pb 
varies from 0.9 pg/g to 63.1 pg/g and that of Cd 
from 0.5 pg/g to 1.77 pg/g. The cadmium con- 
centration also varies widely with the moss spe- 

"North -b South b )  
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Fig. 2. Cobalt concentrations of a) Hylocomium splendens b) Calliergon cordifolium c) Pseudobryum cinclidioides d) Fontinalis antipyretica 
at different sampling sites (pg/g d.w.). 
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Fig. 3. Nickel concentration of a) Hylocornium splendens b) Cal- Fig. 4. Lead concentrations of a) Hylocomium splendens b) Cal- 
liergon cordifolium c) Pseudobryum cinclidioides and d) Fontinalis liergon cordVolium c) Pseudoyum cinclidioides and d) Fontinalir anti- 
antipyretica at different sampling sites (pg/g d.w.). pyretica at different sampling sites (p/g d.w.). 

cies, the maximum being 4.9 pg/g in Fontialis an- 
tipyretica (Fig . 5d). 

Most of the lead concentrations are below the 
levels reported by Ruhling et al. (1987), indicating 
that there are no natural lead sources in the study 
area. Exceptionally high concentrations occur in 
the Rovaniemi area 63 pg/g at sample site 35 - 
but these are due to air pollution. At some sites 

in the Unari and Meltaus areas, the lead values 
are higher than the average, but they are clearly 
below the background values reported by Ruhling 
et al. (1987). 

It is of interest that lead concentrations are 
highest in Hylocomium splendens and lowest in 
Fontialis antipyretica. This suggests that at- 
mospheric deposition is the main source of lead. 



Geological Survey of Finland, Special Paper 9 
Heavy metal concentrations of water mosses in a pollutant-free area 

Table 1. Average Co, Ni, Pb and Cd concentrations (pg/g d.w.) 
of mosses at 39 sampling sites in NW Finland. 

SAMPLE Co Ni Pb Cd 

Average in NW Finland* 0.4 2.4 19.0 0.29 
Average in this study 19.6 8.1 6.6 0.25 
Hylocorniurn splendens 1.6 3.0 8.4 0.16 

Calliergon cordlfoliurn - 

Pseudobryurn cinc. 
a ) Fontinalis antipyretica 

Cd, 

.3 

0 
North + South 

Sampling sites: 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

Cd, 
P9/9 

* from Ruhling et al., 1987 

Fig. 5. Cadmium concentrations of a) Hylocorniurn splendens b) 
Calliergon cordlfoliurn c) Pseudobryum cinclidioides and d) Fontinalk 
antipyretica at different sampling sites (p/g d.w.). 

CONCLUSION 

The findings of this study show that mosses can portant, however, because metals released by 
be used for monitoring environmental pollution, weathering may be present in vegetation in high 
despite the variation in concentration with species. enough amount to mask the atmospheric input, 
Knowledge of the geochemistry of the area is im- or to be confused with it. 
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EFFECT OF BEDROCK ON TRACE ELEMENT 
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tion of fuel peat. Geological Survey of Finland, S@al Paper 9.241-246, 
5 figures and 1 table. 

Compared with other fossil fuels, peat contains considerably less trace 
elements and sulfur, calculated both per weight unit and per energy unit. 
The environmental risks associated with the use of peat must, however, 
be kept under continual observation. 

Mining at the Pihlajaneva mire in Kilrsilmlki (Central Finland) began 
in 1982. The peat is now being used as raw material for ammonia produc- 
tion at Kemira Oy's Oulu plants and as fuel at several power plants. 

In the bedrock to the northwest direction from Pihlajaneva there is an 
iron sulfide mineralization containing about 1.8-8.1 olo zinc, 0.5-1 % 
copper and 100-200 ppm cadmium, together with lead, Silver and mer- 
cury. Metalliferous tiii material and ore boulders transported from the ore 
during the last ice-age are found in islets of the Pihlajaneva mire and in 
the till beneath the peat, and it was reasonable to assume that toxic metals 
had found their way into the peat. 

In fact, the concentrations of trace elements in the peat from Pihlajaneva 
are comparable to those found in the peats of Ostrobothnian mires in gen- 
eral.This is because the clay layer overlying the till has prevented the met- 
als from drifting into the peat. 

During peat combustion and in ammonia production the overwhelm- 
ingly main part (about 99 070) of the trace metals remains in the ash and 
the filters, but part (about 1 olo) escapes to the atmosphere. The possi- 
bility of fuel peat containing trace metals should thus be investigated at 
the planning stage, before actual peat production. 

Key words: environmental geology, peat, fuel peat, heavy metals, migra- 
tion of elements, bedrock, KLsamaki, Finland 

Kimmo Virtanen, Geological Survey of Finland, P. 0. Box 1237, SF-70701 
Kuopio, Finland 

INTRODUCTION 

Heavy metals migrating from bedrock to peat (Lehtovaara et al. 1989, Pohjola et al. 1983) (Fig. 
may cause an environmental risk when the peat 1). When peat is burned, about 99 % of the trace 
is used as a fuel. The problem is discussed with elements remains in the ash on the screens of the 
Pihlajaneva in Karsämaki taken as an example. power plants. Even so, it has been estimated that 

Peat usually contains considerably smaller 9-13 % of the nickel, 9 % of the vanadium, 
amounts of heavy metals and sulfur than does coal 12-41 % of the zinc, 0.1-0.4 % of the cadmi- 
or oil, in terms of both weight and energy units um and 1-11 % of the lead incorporated in the 
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Imported coal from USSR and Poland 

Imported coal from USA and EC 

Peat 

Heavy fuel oil 
Fig. 1. Average heavy metal concentrations in Finnish fuels (Lehtovaara et al., 1989). 

dry matter of peat enter the atmosphere from a vapour. An estimated 44-83 % of mercury is 
peat-fired plant. Part of the cadmium and lead and released to the atmosphere during burning (Poh- 
almost all the mercury escape in the form of jola et al. 1983). 

CASE HISTORY: PIHLAJANEVA MIRE, KÄRSÄMÄKI (CENTRAL FINLAND) 

Pihlajaneva mire in Kärsämäki (Central Fin- 
land) was taken into peat production in 1982. Be- 
fore that the mire had been surveyed by the Geo- 
logical Survey of Finland (Lappalainen et al. 1978). 
The peats in the mire are mainly moderately well 
humified Carex predominant varieties except in the 
middle where there is a fairly thick layer of poor- 
ly humified Sphagnum peat. On the bottom of the 
mire a 2-3 m thick layer of clay is sandwiched 
between a thin sapropel layer and basal till. 

At the initial stage of peat winning the plant 
produced horticultural peat. Nowadays, however, 
the peat is used in ammonia production at Kemira 
Oy's Oulu plants and in a number of power plants. 

A discontinuous iron sulfide deposit, about 1.5 
km long is located in metamorphosed volcanic 
sediments northwest of Pihlajaneva (Huhtala 
1979). According to drilling data, the deposit con- 
tains not only iron and sulfur but also 1.8-8.1 % 
zinc, c. 0.5 % copper, 100-200 pprn cadmium 

(max 900 pprn), 0-600 pprn lead, 4-15 pprn sil- 
ver and 2-10 pprn mercury (Huhtala 1979). 

During the glaciation, abundant metalliferous 
matter was scraped from the ore deposit and trans- 
ported by the continental ice, which moved from 
3 15" southeastwards in the area. Materia1 trans- 
ported from the ore deposit has been found in sub- 
stantial amounts in the till under the mire and in 
the moraine hummocks protrending as islets (Kau- 
ranne 1967) (Fig. 2). Southwest of Pihlajaneva 
there are dozens of weathered ore boulders as- 
saying up to 13.5 % zinc and 900 pprn cadmium 
(Huhtala, oral comm.). 

Owing to its high cation exchange capacity, peat 
trends to become enriched in heavy metals from 
ore deposits in the bedrock as they and the ore- 
bearing till weather and release their heavy metal 
ions to water (Salmi 1955, Hawkes & Salomon 
1969, Cannon 1955). At Pihlajaneva, for exam- 
ple, the zinc concentrations in peat are clearly 
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PIHLAJANEVA. Karsömäki 

Fig. 2. Distribution of Zn in glacial drift (Kauranne 1967). 

higher adjacent to the deposit than elsewhere in be enriched in heavy metals. Peat and the clay layer 
the mire, indicating that metal ions have migrated between the peat and tiil were accordingly analyzed 
from the sulfide deposit to peat (Virtanen 1978, for Fe, Mn, Cu, Zn, Pb, Ag, Cd and Hg. In ad- 
1986) (Fig. 3). dition, the stratigraphy of the peat deposit and the 

Since the continental ice sheet transported ma- bottom of the mire were studied to assess the 
terial from the ore deposit towards the mire, one amounts of heavy metals migrating from tiii to 
could expect the peat close to the ore deposit to peat. 

RESULTS 

The peat in the Pihlajaneva production area 
contains 1-19 ppm zinc, with the higher values 
in poorly humified Sphagnum peats and in Carex 
peats at the bottom of the pear layer in the middle 
of the mire. Although it is difficult to predict the 
abundance of zinc in peat, zinc appears to  follow 
lead in surficial peat (the correlation coefficient 
for surficial peat is 0.64) (Fig. 3 and Table 1). 

The copper concentrations in the Pihlajaneva 
peats range from 2 to 28 ppm, the values being 
highest in the basal peats of the mire and lowest 
at the surface. The copper values are lowest in the 
poorly humified Sphagnum-predominant peat. 
The occurrence of copper in the Pihlajaneva peat 

is mainly controlled by the pH level, the iron con- 
centration and the degree of humification of the 
peat (Fig. 4). 

Table 1. The correiation coefficients between metal concentrations, 
pH and humification (H) in peat. n = 49 
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Fig. 3. Stratigraphy of the Pihlajaneva mire and Zn concentration in peat. 
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Fig. 4. Distribution of Pb and Cu in peat. 
Peat mining area 

The lead concentrations in peat in the produc- 
tion area range from 1 to 11 ppm, being highest 
in the northwestern part of the area. Lead, which 
in enriched at the surface of the mire, shows a 
negative correlation with pH in both surficial and 
basal peats (Fig. 4). 

The cadmium concentrations range from 0.05 
to 0.32 ppm (max. 3.2 ppm in the sapropel clay 

on the mire bottom) and those of silver from 0.03 
to 0.27. Cadmium and silver have a fairly high 
correlation (0.79) and occur together with iron 
(Fe-Ag correlation 0.87 and Cu-Cd correlation 
0.72). The occurrence of silver also seems to be 
controlled by the degree of humification (Table 1). 

The Hg concentrations in peat range from 0.01 
to 0.13 ppm (Fig. 5). 

CONCLUSIONS 

Despite the proximity of the ore deposit, the 
peats of the Pihlajaneva mire do not show high 
heavy metal concentrations. This is probably due 
to the thick layer (2-3 m) of Ancylus clay between 
the peat and till, which has prevented the migra- 
tion of metals from till to peat (Virtanen 1986, 
Backman & Cleve-Euler 1937). 

Although thousands of ore boulders have been 
registered in Finland they are only a small indica- 

tion of the abundance of heavy metals in soil (Sal- 
tikoff 1984). The Pihlajaneva case demonstrates 
that the heavy metals in soil may be an environ- 
mental risk if they have migrated from soil to the 
peat used as fuel. Hence, any mineralization ad- 
jacent to peat-winning areas, and particularly any 
high heavy metal concentrations in peat, should 
be taken into consideration when planning the ex- 
ploitation of a peatland. 
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CHANGES IN THE CONTENTS OF EXTRACTABLE MACRO- 
AND MICROELEMENTS IN FINNISH ARABLE SOIL 
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in the contents of extractable macro- and microelements in Finnish arable 
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1320 samples of cultivated Finnish soils were coliected in 1987 from the 
same sites as in 1974. Macronutrients were extracted in acid ammonium 
acetate (AAAc) solution and micronutrients in AAAc-EDTA solution. The 
concentrations of all nutrients except Zn had increased over the 13-year 
period, those of P, B, Co, Cu and Mo dramatically. The concentrations 
of cadmium and chromium were increased, but lead concentration was 
decreased. The average pH range of arable soil was higher than 13 years 
earlier.Concentrations of cobalt, lead, cadmium and nickel were lower in 
cultivated soils of northern Finland than in samples from southern Fin- 
land. However, the chromium concentration in soils in Lapland clearly 
exceeded the mean value in the south, for geological reasons. 

Key words: soils, agriculture, pH, nutrients, heavy metals, Finland 

Raimo Enid, Ritva MUkelU-Kurtto and Jouko Sippola, The Agricultural 
Research Centre of Finland. SF-31600 Jokioinen, Finland 

INTRODUCTION 

The quality of air, water and soil has been 
changing at an accelerating pace as a result of hu- 
man influence. Of the three, soil has a generally 
better ability to withstand outside stresses because 
of its good buffer capacity. However, the strength 
of the soil buffer capacity varies from one soil type 
to another, and depends as well on soil moisture 
conditions and weather conditions. 

It is widely believed in Finland that air pollu- 
tants, like nitrogen and sulfur oxides, may already 
have had an acidifying effect on soils, especially 
those of poor forest land. However, hard data 
verifying soil acidification over broad areas are still 

lacking. The extensive liming of cultivated soils in 
Finland complicates the drawing of conclusions, 
since lime counteracts the acidification process. 

An extensive investigation was made on culti- 
vated soils of Finland in 1974. In that study about 
2000 soil and 2000 timothy samples were collected 
from cultivated fields with the purpose of deter- 
mining their nutritional and trace element status. 
A similar investigation, though with fewer sam- 
ples, was repeated 13 years later to clarify the 
changes in the acidity and the nutrient and heavy 
metal contents of cultivated soils after 1974. 
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MATERIALS AND METHODS 

Soil sampling 

During 1987, a total of 1320 samples were col- layer (0-20 cm). For statistical treatment, the 
lected from cultivated fields, located representa- sample materia1 was divided into five cultivation 
tively in various parts of Finland. The sampling zones (Fig. l), twelve different soil types and three 
sites matched those of 1974 (Sippola & Tares main soil type groups. The last (Fig. 2) were coarse 
1978). Soil samples were taken from the plough mineral soils, fine mineral soils and organic soils. 

FINE MINERAL SOILS 

60 

3 0 

ORGANIC SOILS 

PLANT CULTIVATION ZONES 

Fig. 1. The five cultivation zones of Finland and the numbers of Fig. 2. Distribution of the soils into different soi1 types by cultiva- 
soi1 sampling sites in each. tion zone, in 1974 and 1987. 

Methods of soil analysis 

Soil pH(H,O) was determined in a soil-water mined from the extracts using the molybdenum 
suspension 1 : 2.5 (v : v). Phosphorus, potassium, blue method. Potassium, sodium, calcium, mag- 
sodium, calcium, magnesium and sulfur were ex- nesium and sulfur concentrations were measured 
tracted using a 0.5 N ammonium acetate, 0.5 N in the extracts using an inductively coupled plas- 
acetic acid (AAAc) solution OpH 4.65); the extrac- ma (ICP) emission spectrometer. 
tion ratio was 1 : 10 v : v (Vuorinen & Makitie Aluminum, cadmium, chromium, cobalt, cop- 
1955). Phosphorus was colorimetrically deter- per, iron, lead, manganese, molybdenum, nickel 
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and zinc were extracted from the soil with a 0.5 N 
ammonium acetate, 0.5 N acetic acid, 0.02 M 
EDTA (AAAc-EDTA) solution according to La- 
kanen and Erviö (1971). Molybdenum contents 
were determined in the soil extracts with a flame- 
less atornic absorption spectrometer equipped with 
a graphite furnace, whereas cadmium and lead 
contents were measured with an atornic absorp- 
tion spectrometer with an air-acetylene flame. The 

contents of other trace metals mentioned above 
were determined by ICP. Boron was extracted 
from the soil with boiling water (1 : 2) and deter- 
mined in the extract by ICP. 

The methods of soil analysis employed for the 
samples collected in 1974 have been described by 
Tares and Sippola (1978) and were principally the 
same as those employed in the present study. 

RESULTS AND DISCUSSION 

Noticeable changes in soil characteristics be- 
tween 1974 and 1987 were found in some cases (Ta- 
ble 1). The average soil pH value rose by 0.18 pH 
units. The concentrations of the macronutrients 
phosphorus and potassium increased. In the case 
of trace elements, the concentrations of boron, 
copper, cobalt and molybdenum rose, but that of 
zinc clearly decreased. As to heavy metals, cad- 
mium and chromium concentrations rose, but lead 
concentration decreased. 

An approximately equivalent rise in pH value 
of Finnish cultivated soils generally was detected 
by the Soi1 Analysis Service Ltd. during the same 
years (Kahari et al. 1987). The increase in pH and 
the little increase in calcium could be explained by 
the continuous liming of cultivated soils. The rate 
of lime application averaged about 200 kg per hec- 
tare in 1982-87, whereas 15 years earlier it was 
only about 100 kg. In a similar way, fertilization 
would explain the increases in nutrients. Relatively 
great changes were seen in the concentrations of 
boron, copper and phosphorus. The application 

Table 1. Mean of pH and extractable mineral element concentra- 
tions in soi1 in 1987 and the differences relative to 1974 (n= 1320). 

Mean Difference from 1974 
1987 

mg 1-' mg 1-1 qo 

PH (H2O) 2.75 0.18*** 
Ca 1278 +6.7 NS +0.5 
K 109 +9.6*** + 9.7 
Mg 178 + 2.9 NS + 1.7 
P 10.3 + 1.43** + 16.1 
Al 508 + 19.4 NS + 4.0 
B 0.59 +0.23*** +61.5 
Cd 0.080' +0.019*** +31.1 
Co 0.62 +0.10*** + 19.2 
Cr 0.33 +0.05*** + 16.9 
Cu 3.68 + 0.90*** + 32.2 
Fe 717 +Ml*** +9.8 
Mn 57 -1.1 NS -1.9 
Mo 0.061 +0.013*** +27.1 
Na 22 +0.8 NS + 3.7 
Ni 0.90 -0.02 NS -2.0 
Pb 1.66 -0.31*** - 15.5 
Zn 3.70 - 1.06*** -22.2 

of boron to the soil as a component of all NPK 
fertilizers since 1972 was the clear cause of the 
elevated soil boron concentration. Copper concen- 
tration was increased in all cultivation zones, but 
especially in cultivation zone IV, where the increase 
exceeded 50 % . Copper deficiency was most clearly 
detected in peat and coarse mineral soils. These 
soils, which had been fertilized with copper, were 
very prevalent in cultivation zone IV. At 25-30 
kg/hectare/year, the rate of phosphorus fertiliza- 
tion was high during the study period. In Sweden, 
by contrast, annual phosphorus fertilization was 
reduced during the same period from 20 to 12 kilo- 
grams per hectare. The probable explanation of 
the decreased soil zinc was that zinc taken up by 
crops was not replaced by fertilizers. 

Northern Finland differed in some soil charac- 
teristics from the rest of Finland. The mean soil 
pH value of Lapland, located in cultivation zone 
V, was 5.49. This is lower compared with an aver- 
age of 5.77 for the means of other cultivation 
zones. The lower value reflects both more acidic 
peat soils and a lower rate of liming in Lapland. 
In addition to this, extractable calcium concentra- 
tion was exceptionally low, 832 mg 1-l, in 
Lapland as compared with an average value of 
1309 mg 1-l in other zones. 

Of the soluble heavy metals, the concentration 
of chromium was clearly greater, while the con- 
centrations of lead and cadmium (Fig. 3) were 
smaller in the northernmost zone (V) than else- 
where. In addition, the nickel concentrations in 
zones IV and V and the cobalt concentration in 
zone IV were smaller than concentrations in the 
more southern zones. 

In both 1974 and 1987, the soluble chromium 
concentration was greatest in the soil sarnples from 
cultivation zone V and was clearly divergent from 
that of the other zones. In the northernmost zone, 
the average soil soluble chromium value obtained 
for 88 samples was 0.63 mg 1-l soil in 1987, 
while that from the other zones was only 0.30. The 
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Fig. 3. The means of extractable heavy metal concentrations, mg per liter of soil, in different cultivation zones in 1974 and 1987. 

high total chromium concentrations were clearly 
due to the geological origin of the soil: a 
chro~nium-rich zone extending, from central to 
southeastern Lapland was found during geochem- 
ical studies on till conducted by the Geological Sur- 
vey of Finland (Balviken et al. 1986). This chro- 
mium-rich zone covers the municipalities of Kit- 
tila, Sodankylä, Savukoski, Pelkosenniemi, Kemi- 
järvi and Salla. Half of the mineral soil samples 
taken from these municipalities had a chromium 
content of at least 0.8 mg 1-l soil and the six 
highest chromium values (1.79-3.66 mg 1-' soil) 
were found there. 

The average extractable lead content of soil in 
1987 was 1.66 mg 1-1 (Table 1). This was a de- 

crease of 16 % from 1974. The lower values in 
1987 were mainly due to reduced lead emissions 
from cars: in 1970, the highest permitted lead con- 
tent in gasoline sold in Finland was 0.70 g 1-l, 
whereas in 1986 it was only 0.15 g 1-l. A similar 
decrease in the lead deposition was found in studies 
on conifer needles in the Helsinki area: the lead 
concentration in needles decreased from 22.8 mg 
kg-' dry matter in 1970 to 8.5 mg in 1986 (Ma- 
kelä-Kurtto & Tares 1988). The decrease in soil- 
extractable lead can be attributed to the binding 
of lead to soil materia1 in a less extractable form 
and possibly also to the leaching of lead into lower 
soil layers and waters. 

Mean lead concentrations of soils decreased 
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from south to north (Fig. 3). Looking at the differ- 
ent soil type groups the greatest amount of solu- 
ble lead was detected in organic soils, 2.2 mg 1-' 
on the average. The next highest mean value (2.0) 
was in the fine mineral soils, which included clays 
and silts. The lowest mean value (1.4) was in coarse 
mineral soils. Differences between the various cul- 
tivation zones probably reflected the greater abun- 
dance of fine mineral soils in southern Finland and 
coarse mineral soils in northern Finland. The lower 
lead values in the soils of northern Finland could 
also be a reflection of the lower lead deposition 
there. 

The AAAc-EDTA extractable cadmium content 
of all soils in 1987 averaged 0.076 mg 1-l. The 
amount of Cd extractable with AAAc-EDTA so- 
lution is about 40 % of the total soil Cd (Sippola 
& Mäkelä-Kurtto 1986). The mean Cd content of 
soils from the same fields (n = 142) increased from 
0.061 mg 1-l in 1974 to 0.080 mg 1-l, or by about 
30 %. The increase was clearly mainly due to the 
use of exceptionally Cd-rich phosphorus fertiliz- 
ers between 1975 and 1981 (Kivioja 1982). At- 
mospheric deposition of cadmium was another 
source of Cd in cultivated soil. The total annual 
Cd deposition was about 1.5 g ha-l based on 

measurements made in southeastern Finland dur- 
ing the period 1984-1987 (Anon. 1985-1988). 
Thus, the total Cd load from the atmosphere over 
the study period was approximately 20 g ha-l, 
i.e. about one half of the Cd load from phospho- 
rus fertilizers into the soil. 

In 1987, the cadmium concentration of culti- 
vated soils was 0.04 mg 1-l in the northernmost 
zone and 0.12 in the southernmost zone (Fig. 3). 
Soil extractable cadmium content increased from 
north to south, evidently due to the extensive use 
of phosphorus fertilizers in southern Finland, the 
presence of fine textured soil types with higher con- 
tents of all of the extractable metals, and higher 
Cd content in the air of southern Finland as a re- 
sult of national and international emissions. 

The lower nickel (Fig. 3) and cobalt concentra- 
tions in northern than in southern Finland might 
be chiefly due to differences in soil types. The gla- 
cial till soil typical of the north contained 0.16 mg 
1-' of AAAc-extractable nickel and 0.056 mg 1-l 
of AAAc-extractable cobalt, but the clay soil typi- 
cal of the south contained 0.50 and 0.14 mg 1-l 
of nickel and cobalt, respectively (Sillanpää & 
Lakanen 1966). 
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Shield areas, like the Fennoscandian Shield, are mostly composed of 
silica-rich high-metamorphic rocks typical of the continental crust. The 
bedrock is rich in quartz and feldspars and soils are poor in nutrients as 
a result. Areas richest in nutrients are those where volcanogenic rocks 
prevail, as in rift valleys and at plate-tectonic boundaries (Mg, Fe, Ca, 
etc. abundant), and where rocks have been altered by volcanic emanations 
or volcanogenic solutions (Cu, Zn, Co, Se, etc. abundant). Nutrient con- 
centrations are near the average in schist belts, since rocks there have mainly 
originated from sediments accumulated on the sea floor near continental 
margins and the chemical composition reflects the mixing of d l  the rocks 
present in the crust. The concentrations of most nutrients are lowest - 
and often below the level needed for nutrition - in areas of silicic gneisses 
and granitoid rocks. Above average levels of nutrients are found where 
volcanogenic rocks prevail, but these also tend to have increased levels of 
those elements associated with volcanism that are detrimental to life 
processes (As, Hg, Sb, Cd, F, Se, etc.). Correspondingly, areas poor in 
nutrients also tend to be poor in the detrimental elements. 

Because the geological processes that brought about the continental cmst 
have been similar everywhere, it is reasonable to suppose that conclusions 
drawn from studies in the Fennoscandian Shield can be extended to the 
other shield areas in the World. 

Key words: geochemistry, nutrients, toxic materials, geochemical, 
provinces, Finland 

Tapio Koljonen, Geological Survey of Finland, 02150 Espoo, Finland Elias 
Malisa, University of Dar es Salaam, P. 0. Box 35052, Dar es Salaam, Tan- 
zania 

INTRODUCTION 

The conclusions presented here are based on the 
data and maps included in the Geochemical Atlas 
of Finland (Koljonen et al. 1989; 1990). A total 
of 1047 composite samples of till were collected 
throughout Finland at a density of one sample/300 
km2. The materia1 studied was the fine fraction 
of till (< 0.06 mm) corresponding in grain size to 
silt and clay. 

Even on a global scale the fine fraction of till 
is one of the best materials for geochemical study. 
It is fairly homogeneous, widely available, only 
slightly altered chemically, and very similar to the 
nearby bedrock in mineral and elemental compo- 
sitions. Because in the usual case it has been trans- 
ported less than a kilometer from the place of ori- 
gin, till reliably represents the local bedrock. The 
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chemical composition of the fine fraction is also per crust and of rocks like graywackes and mica 
very similar to the average composition of the up- schists. 

DISCUSSION 

Visual inspection of geochemical maps suggests 
the existence of provinces of distinct geochemi- 
cal compositions (Fig. 1). The most prominent 
of these provinces, some of which are divided 
into subprovinces through younger geological 
processes, are: (A) Archaean gneiss areas, (B) 
Greenstone areas, (C) Svecokarelian schist areas, 
(D,) Granulite zone in Lapland, (D,) Raahe-La- 
doga zone, (D,) Volcanic-sedimentary zone of 
SW Finland, (E,) Granitoid area of Central 
Lapland, (E,) Granitoid area of Central Finland, 
(F) High metarnorphic belt of S Finland, (G) Ra- 
pakivi granite areas, and (H) Others (e.g., Jotnian 
sandstones; not discussed here). 

Finnish bedrock is sharply divided into an older 
Archaean and a younger Proterozoic domain along 
the Raahe-Ladoga tectonic zone (D,). These do- 
mains, and the provinces and subprovinces into 

which they can be subdivided (Koljonen 1989a, b; 
Koljonen et al. 1987, 1989; Koljonen & Malisa 
1989), often though not always coinciding with the 
major rock suites, have originated through major 
geological processes. The most important of these 
processes are the following: a) the change from 
the differentiation processes based on differences 
in density which prevailed during the Archaean 
and the plate tectonic processes which have domi- 
nated since the beginning of the Proterozoic era 
(c. 2500 Ma), b) rifting and extrusion of molten 
mafic rock materia1 through fractures to the sur- 
face, c) tectonic processes, d) sedimentation, e) 
magmatic differentiation, and f) metamorphism. 
A more exact delineation of the provinces will be 
possible when mapping from a sampling density 
of one sample/4 km2 is completed in the mid- 
nineties. 

CONCLUSIONS 

The Finnish bedrock and sediments above it can In general the contents of nutrients and toxic ele- 
be grouped into geochemical domains, provinces, ments are low in sediments in the areas of Ar- 
and subprovinces of distinct chemical composition. chaean gneisses (Table l), granites (E, and EJ, 

Table 1. The concentrations of  elements in the geochemical provinces expressed (Fig IC) as "high" and "low". The list is based on the 
chemical cornpositions of the clay and fine silt fractions of till in which c. 40 elements were analyzed. "High" and "low" indicate contents 
significantly above and below the average. On the basis of their known geochemical behaviour, certain elements that were not analyzed 
can be grouped with those presented, e.g.* Se with Cu and Co; Cd and Hg with Zn and As; Te and (Bi) with Sb and S. 

(A)* High: Ca, Na, (Sr); 
Low: (Ag), As, (Au), (BO, (Cs), Cu, K, (Li), Mn, Mo, (Rb), (REE), S, Sb, (Ta), Th, U, (W), (Y), Zn, (Zr) 

(B) High: (Ag), (Au), Ca, Co, Cr, Cu, Fe, Mg, Ni, (Sc), (Ti), V; 
Low: (Ba), K, (Li), P ,  Pb, (Rb), (REE), S, Si, (Sr), (Ta), Th, U, (W), (Y), (Zr); 

(C) High: Sb, Si, (Sr); 
Low: (Br), Co, Cr, Cu, Fe, Mg, Mn, Mo, Ni, Pb, (Sc), V, (W), Zn; 

(Dl) High: Al, (Ba), (Br), Co, Cr, Cu, Fe, Mg, Mo, Ni, (REE?) S, (Sc), V, (W), Zn; 
Low: As, (Cs), K, (Li), Na,, Pb, (Rb), Sb, Si, (Ta) 

(Dl) High: (Ag), (Ba), Co, Cu, P,  (Sr); 
Low: (Br) 

(D3) High: (Ag), As, (Au), (Cs), Cu, K, (Li), Mo, P, (Rb), S, Sb, (Ta), U, Zn; 
Low: Ca, Mn, Na 

(El) High: Na; 
Low: As, Co, (Cs), Cu, (Li), Mn, Pb, (REE), S, Sb, (Y), Zn 

(El) High: Sb. (Ta), (Y); 
Low: (Br), Cr, Cu, Fe, Mg, Mn, Mo, Ni, S , (Sc), V, (W), Zn 

(F) High: Br, (Cs), (Li), U, (Zr); 
Low: (Ag), (Al), (Ba), Ca, Cr, Cu, Fe, Mg, Mn, Na, Ni, (Sc), (Sr), (Ti), V, (Y) 

(G) High: (Cs), K, (Li), Mo, Pb, (Rb). (REE), Si, (Ta), Th, U, (W), (Y), (Zr); 
Low: (Ag), (Al), (Au), Ca, CO, Cr, Cu, Fe, Mg, Mn, Na, Ni, (Sc), (Sr), (Ti), V 

* Underlined and bold-face type, e.g. Co: known or possible nutrient. The biological role is not always clear and rnany nutrient elernents 
are also detrimental and rnay even be carcinogenic; In parentheses, e.g, (Ag): no known biological role; Normal type, e.g. Pb: toxic 
or slightly toxic. 
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Fig. 1. Geochemical maps of selected elements in the fine fraction of till A) K %, total analysis (H2F2, HNO,, HCI, average (median) 
concentration (median) 2.1 Vo; B) Ca 070, total analysis, average is 1.8 070. C) The geochemical provinces (A-H. Table 1) and Mg qo x Fe qo 
x Ni pprn x Cr pprn x Ti %, total analysis, averages 1.0 % Mg, 3.1 Vo Fe, 24.1 pprn Ni, 60.5 pprn Cr, and 0.39 '70 Ti (these geochemically 
similar elements are multiplied together to emphasize the distribution of mafic, gabbroic rocks; most rich in nutrients) and geochemical 
provinces (Table l), and D) U ppm, total analysis, average 3.1 pprn (the map also shows the general occurrence of radon, which is gener- 
ated through the radioactive fission of uranium and is carcinogenic). 
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and high-metamorphic gneisses (A and F); near cal of mafic rocks, of hydrothermal solutions, and 
the average in schist areas (C); and highest in areas of elements volatile in the conditions prevailing 
where volcanogenic mafic greenstones prevail (B); in the earth's crust: both nutrient elements such 
and in tectonic zones where also mafic igneous as Mg, Fe, Ni, Cr, Zn, and Se and detrimental 
rocks are common (D,, D,, and D,). Evidently elements such as As, Sb, Hg, and Cd (Koljonen 
the tectonic zones, where Finland's rich base metal et al. 1986; Tanskanen et al. 1987; Koljonen 
sulphide ores occur, are enriched in elements typi- 1989b). 
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In Finland, U and Rn concentrations are highest in the south of the coun- 
try in water from weiis drilled into bedrock composed of granites or mig- 
matites rich in granite or pegmatite veins. Their regionai distribution Pat- 
terns coincide with U and Th anomaious areas in the fiie fraction of till 
and with an external gamma dose rate measured at the ground surface. 
The U and Rn concentrations in bedrock groundwater show only a moder- 
ate correlation, hence the elevated U contents in water does not imply abun- 
dant Rn concentrations. Both elements are practicaiiy independent on other 
dissolved components, except a moderate correlation between U and 
HCO, suggesting the occurrence of U-rich carbonates as fracture coating 
minerais. In a few localities with U and Rn anomaious areas, the excep- 
tionaliy high Rn concentrations in ambient house air pose a considerable 
heaith risk particularly in detached houses founded on pervious sand and 
gravel deposits. Regardless the imminent heaith risk the radiologic recom- 
mendations for U and Rn concentrations in potable water are not offi- 
ciaily set in Finland. 

Key words: uranium, radon, thorium, ground water, bedrock, till, medical 
geology, Finland 

Pertti Lahermo and Risto Juntunen, Geological Survey of Finland, 
SF-02150 Espoo. Finland 

INTRODUCTION 

The nation-wide hydrogeochernical mapping of 
groundwaters carried out by the Geological Sur- 
vey of Finland (GSF) included 3954 U determina- 
tions (Lahermo et al. 1990). Several thousands of 
Rn determinations were made by the GSF and the 
Finnish Centre for Radiation and Nuclear Safety 
(FCRNS), mainly from the Southern part of the 
country, where the concentrations are known to 
be the highest (Asikainen 1982, Salonen 1987, Jun- 
tunen 1991). The U and Rn investigations were 
prompted by the idea that the elements could be 
used as pathfinders in U exploration, but later the 
Rn mapping in particular was intensified by the 

health concerns caused by the unusually high Rn 
concentrations in some bedrock well waters and 
in house air in parts of the country. In the Nord- 
kalott Project carried out jointly by the Geologi- 
cal Surveys of Finland, Norway and Sweden, U 
and Th were analyzed from the fine fraction (be- 
low 64 pm) of till, heavy minerals in till, organic 
matter in stream sediments and organic matter in 
stream moss by XRF and INAA methods (B01- 
viken et al. 1986). For the Geochemical Atlas of 
Finland, 1054 composite tili samples were analyzed 
for U and Th both as partial concentrations from 
aqua regia leach by ICAP and as total concentra- 
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tions directly from the clay and silt fraction (be- data on U and Rn in groundwater, which are com- 
low 64 pm) by INAA. These surveys provide ample pared with the concentration of U and Th in soil. 
regional materia1 for the evaluation of U cycling The U-isotope ratios in water and the geomedical 
in superficial deposits and natural waters. aspects of Rn are also briefly discussed. 

In the following, the emphasis is on the regional 

OCCURRENCE OF RADIOGENIC ELEMENTS IN SOILS AND WATERS 

The highest total U concentrations in the fine 
fraction of till are found in areas underlain by 
granites to the north and northwest of the Wiborg 
rapakivi granite batholith and in the northwestern 
and western part of the pluton itself (4-8 ppm, 
Fig. 1, cf. Fig. 8). Granites, migmatites intermin- 
gled with granite veins and granodiorites in south- 
ern and southwestern Finland also show elevated 
U concentrations. In the part of northern Finland 

covered by the Nordkalott Project, the highest U 
concentrations are encountered in till from gran- 
ite areas (3-5 ppm, Bralviken et al. 1986). This is 
in good agreement with the well known fact that 
the U concentrations in plutonic rocks increase 
from ultramafic, mafic and intermediate varieties 
towards felsic rocks (from 1-2 to 3-5 ppm, 
Rogers & Adams 1969b). 

The geochemistry of U is intimately associated 

Fig. 1. Total U concentrations in the fine till fraction ( ~0 .064  mm) analysed by the INAA method (1054 composite 
samples). 
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Fig. 2. Total Th concentrations in the fine tiil fraction (<0.064 mm) d y s e d  by the INAA method (1054 composite 
samplel. 

with that of thorium (cf. Rogers &Adams 1969b), 
which shows virtually the same interdependence 
with the bedrock composition. In rapakivi gran- 
ite and ordinary granite areas, partial AR leach 
and total Th concentrations in the fine fraction 
of till are 10-20 and 10-30 ppm, respectively 
(Fig. 2). The U and Th values follow broadly the 
same pattern in till and organic stream sediment, 
but are more incongruent in other geochemical 
materials such as stream moss. Owing to its low 
mobility, Th tends to remain immobile while U 
enters into solution, a reason for the partial sepa- 
ration of both elements and the higher Th con- 
centrations in till (cf. Rogers and Adams 1969a). 
The U/Th ratio in till is presented as a coloured- 
surface map in Fig. 3. In general, high U concen- 
trations also mean high Th concentrations in till. 
The U/Th ratio ranges typically from 0.3 to 0.4. 

At moderate or low levels of the U concentrations 
the variation in the U/Th ratio is greater. The ra- 
tio is lowest (from 0.2 to 0.3) in granulite com- 
plex gneisses and in granitic basement gneisses in 
northern and eastern Finland where the U concen- 
trations in till are lowest. 

Uranium concentrations in shallow ground- 
waters and surface waters are very low (below 0.5 
or 1.0 pg/l) except in some areas with local, mostly 
smaii secondary U mineralizations. As a single ex- 
ample, a spring draining water from a weathered 
uraniferous granite in Sodankylä, northern Fin- 
land, shows an U concentration of 380 pg/l; in 
water discharged into a nearby exploration pit dug 
in till the value is 530 pg/l (Peuraniemi, written 
communication). 

The hydrogeochemical mapping of Finnish 
groundwaters carried out by the GSF shows that 
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Fig. 3. Total Th (size of the circle) and U concentrations (darkness 
of the circle) plotted on the coloured-surface map showing the U/Th 
ratio. 

the median U concentrations in spring waters and 
in waters from wells dug into overburden or drilled 
into bedrock are all below 1 pg/l (Lahermo et al. 
1990). The arithmetic means are somewhat higher 
because of scattered higher concentrations: 1.4 
pg/l(1294 samples), 1.6 pg/l(3553 samples) and 
21.2 pg/l(1027 samples), respectively. In the some- 
what larger material of wells drilled into bedrock 
(1388 samples) covering southern Finland only (in- 
cludes partly the same material), the medians and 
arithmetic mean values are 5 and 73 pg/l, respec- 
tively (Juntunen 199 1). 

The elevated U concentrations in spring and dug 
well waters favour the southern part of the coun- 
try, which is largely composed of granites and mig- 
matites (Fig. 4). This regional pattern is even more 
conspicuous in bedrock groundwaters (Fig. 5). In 
areas of uraniferous granites, the U concentrations 
in water are often in the order of 100-1000 pg/l, 
while the highest value recorded in Finland are 

15-20 mg/l. The 14 highest U concentrations in 
308 drilled wells in the Helsinki area, which is 
mainly composed of migmatites with abundant 
granites, are in the range 1 .O-14 mg/l (Asikai- 
nen 1982). The U concentrations in bedrock 
groundwater plotted on a coloured-surface map 
showing the total U concentrations in the fine frac- 
tion of till show fairly good consistency (Fig. 6). 

Uranium has an affinity to organic material in 
soi1 and rocks. In Finland it is manifested by the 
high U-concentrations in the marginal and bottom 
layers of peat deposits particularly in the north- 
ern part of the country (Yli-Kyyny 1989). U is 
transported by discharging groundwater through 
springs or seeping belts into the peat bogs, where 
it is precipitated in reducing environments. Al- 
though U concentrations in groundwater may be 
very low the long time-span enables the deposi- 
tion of appreciable U accumulations close to the 
groundwater discharges. 

Because of the higher mobility of the lighter U 
isotope, a state of disequilibrium prevails between 
234U and 236U in natural waters. The 234U/236U ac- 
tivity ratio generally exceeds 1.0 and reaches up 
to 3.0 (Asikainen 1982). In deep-seated fresh bed- 
rock groundwater from a 1 km deep hole drilled 
into a granite pluton at Lavia the average ratio of 
disequilibrium ranges from 1.5 to 2.3 (Wickström 
& Lampen 1986). The ratio in upper fresh and 
lower brackish water columns of 84 and 208 m 
deep driil holes intersecting uraniferous granitic 
dikes in gneisses and migmatites in Pusula, south- 
ern Finland, ranges from 1.2 to 3.7 increasing 
downward the water colurnn (Jaakkola et al. 1989, 
Niini et al. 1990). In the deepest drill hole (1 175 
m) in Finland, located in Outokumpu, eastern Fin- 
land, cutting mica gneisses, black schists and par- 
ticularly in the bottom part of the hole substan- 
tial serpentinites, the disequilibrium ratios in the 
stratified fresh-saline water column range from 1.2 
to 1.8. Here no systematic trend in the ratio as a 
function of the depth of occurrence and of the de- 
gree of mineralization of the groundwater is found 
(cf. Nurmi et al. 1988). 

Radon is generaily the most abundant dissolved 
radioactive component of Finnish groundwaters. 
Rn contents in surface waters and shallow ground- 
waters are mostly below 100 Bq/l. In a survey con- 
ducted by the FCRNS the arithmetic mean of 961 
samples from springs and dug wells was 92 Bq/l 
and that of 2065 samples from drilled bedrock 
weils 1020 Bq/l (Salonen 1987). The comparatively 
high Rn concentrations in the bedrock ground- 
water of this set of data are partly due to the fact 
that most of the samples were collected from the 
anomalous southern part of the country. In a study 
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Fig. 4. U concentrations (above 3 pg/l) in the water from springs and dug wells in overburden (379 samples). 

-- 

-- 

carried out by the GSF, which also focused on 
Southern Finland, the median and arithmetic mean 
values of Rn concentrations of 1050 bedrock well 
samples were 215 and 631 Bq/l, respectively (Jun- 
tunen 1991). Some twenty samples gave concen- 
trations exceeding 5000 Bq/l, the maximum being 
24 000 Bq/l. 

The highest Rn concentrations were found in 
groundwater from granites and migmatites rich in 
granite veins (median 349 Bq/l, 298 samples) to 
the north and northwest of the Wiborg rapakivi 
granite batholith in southeastern Finland; they 
were slightly lower in the rapakivi granite area 
proper (320 Bq/l, 82 samples, cf. Fig. 7). The bed- 
rock groundwater in granodiorite areas exhibited 
somewhat elevated Rn concentrations, whereas the 

groundwater in areas composed of mica gneisses 
and phyllites, migmatitic gneisses, amphibolites, 
quartz-feldspar schists and sandstones showed 
much lower concentrations diminishing in this 
order . 

As can be recognized in Fig. 7 radon correlates 
only fairly with U concentrations (r = 0.27), and 
there is practically no correlation with any other 
dissolved components, except with HCO,- and 
NO3-concentrations. The correlation with 
HC0,-alkalinity suggests that dissolved U, main- 
ly occurring as uranyl-ion or UOZZ, is causally 
linked with U-carbonates, occurring as fracture 
minerals. It is the most probable U-source into 
waters (cf. Niini et al. 1990). The NO3-concentra- 
tions refer to anthropogenic contamination derived 
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Fig. 5. U concentrations in the water from drilled bedrock wells (2370 samples). 

from human and animal sewages, cattle dung and 
artificial fertilizers, etc, which suggests that organic 
solutes may enhance the U mobilization. 

The high U concentrations in water do not in- 
variably mean high Rn activities in water. This 
finding is understandable, because extremely mo- 
bile gaseous 222Rn is very short-lived (3.82 d) 
compared with its immediate predecessor member 
in the same radioactive decay series, i.e. 226Ra 
(1620 y), as well as 238U, the starting member of 
the series and its daughter nuclides 234U and 
230Th, the half-lives of which range from 4.7 x 109 
to 7.5 x 104 years (see e.g. Hess et al. 1985). In 
the light of the previous consideration, it is not 
surprising that there is a discrepancy between U 
and Rn in the Wiborg rapakivi granite area, where 
conspicuous U anomalous areas do not show up 

as elevated Rn concentrations in bedrock ground- 
water (cf. Fig. 8). 

It is noteworthy that anomalous U and Rn con- 
centrations in groundwater, and to a lesser extent 
in till, constitute a distinctive aureole-type zone 
coinciding with the granite areas that surround the 
Wiborg rapakivi granite batholith in southeastern 
Finland. Elsewhere in granite environments U con- 
centrations tend to be conspicuously lower. The 
difference should be even more striking if the gla- 
cial transport of till from northwest to southeast 
had not contributed to the U concentrations of till 
in the border zone. 

Figure 9 shows the distribution of U and Rn 
concentrations in bedrock groundwater. The mode 
of the Rn distribution is almost syrnmetrical, while 
the distribution of U concentrations is strongly 
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Fig. 6. U concentrations in bedrock groundwater (black dots) plotted on a coloured-surface rnap showing total U 
concentrations in the fine fraction of till. 

truncated because the values below or slightly 
above the detection iimit constitute a large part 
of the material. 

The U-rich granites are often enriched in some 
of the following elements: F, Mo, Sn and W (Wil- 
son and Åkerblom 1982). As to F concentrations 
they are at least one order of magnitude higher 
in rapakivi granites an in respective natural waters 
than in the surrounding uraniferous ordinary 
granites. This is manifested by the map (Fig. 10) 

where the F concentrations of groundwater, pre- 
sented as black dots, are plotted on a coloured- 
surface map showing the U concentrations in bed- 
rock groundwater. 

Radium concentrations are, on average, lower 
than Rn concentrations by four orders of magni- 
tude, and their mutual correlation is negligible 
(Asikainen 1982). U concentrations are generally 
higher, as impiied by the 238U/mRa ratio, which 
ranges from 1 to 20 (op. cit.). 
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Granite I 

Fig. 7. U and Rn concentrations in bedrock groundwater (presented as arithmetic means) grouped into various rock types. The columns 
are arranged in the order of decreasing U concentrations presented as left hand columns. (N) refers to the number of analyses. Data accord- 
ing to Juntunen (1989). 

Fig. 8. The Rn concenuations In groundwater from 1248 bedrock wells (data according to Juntunen 1989). The rapakivi granites are marked 
by shaded areas. A simpiified map of bedrock is inserted. 1 and 2. migmatitic gneisses rich in granite veins, mica schists, quartz and feld- 
spar schists, metabasalts and amphiboiites (Karelidic and Svecofennidic rocks, respectively); 3. orogenic plutonic rocks, mainly ganites; 
4. rapakivi granites; 5. Jotnian sedimentary rocks, mainly sandstones (Simonen 1980). 

264 



Fig. 9. The frequency distribution of U and Rn concentrations in 
the water from drilled bedrock weUs (1388 and 1050 samples, respec- 
tively). The scale is legarithmic with the base /2. 
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Fig. 10. F concentrations of groundwater @lack dots) plotted on a coloured-surface map showing the U concentrations 
in bedrock groundwater. 
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GEOMEDICAL ASPECTS 

No upper permissible limits of U, Ra and Rn 
concentrations have been set for drinking water 
in Finland. The ordnance concerning water quality 
standards issued by the National Board of Health 
states that the total alpha and beta radiation level 
in natural waters shall not generally exceed 0.1 
Bq/l and 0.8 Bq/l, respectively (Anon 1985). For 
radiation in general it is recommended that if the 
gross radio activity in tap water exceeds 8 000 Bq/l 
then the concentration in ambient house air should 
be measured. However, before a new water utili- 
ty is joined to the public water supply network it 
must be ensured that the water does not contain 
exceptionally high levels of radioactive elements. 
The permissible U concentration in drinking wa- 
ter has not been established in Finland. In Cana- 
da, where the geological conditions in the crystal- 

line areas are very similar to those in Finland, the 
upper permissible U concentration has been set at 
the low level of 20 pg/l (Anon 1978). 

There is a clear correlation between the regional 
distribution of U in till and bedrock groundwater 
(Figs. 1 , 4  and 5 ) ,  external gamma dose rate (Fig. 
11) and Rn concentrations in ambient house air 
(Fig. 12). On d l  of these maps, the most anoma- 
lous areas are in the granite and migmatite areas 
of eastern Uusimaa province (where the most Rn- 
inflicted Lapinjärvi commune is located). Hence, 
geophysical and geochemical mapping of soi1 and 
water is a valuable tool in regional planning of 
future residential areas. 

Only 2 % of the 1 367 springs investigated in 
Finland exceeded the 5 pg/l U concentration and 
a mere 10 samples exceeded the 10 pg/l value. In 

Fig. 11. The distribution of the external gamma dose rate measured on Finnish roads by the Finnish Centre for Radia- 
tion and Nuclear Safety (from Lemmela 1984). 
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Fig. 12. Rn concentrations in ambient house air. The size of the symbol indicates the magnitude of the local geometric 
mean of some 14 000 measurements in detached and semi-detached houses computed for 284 communities. Measured 
by the Finnish Centre for Radiation and Nuclear Safety (from Castren et al. 1987). 

dug well waters, 2 % of the 2 860 samples exceeded 
10 pg/l, and only in 19 cases the concentrations 
were higher than the upper Canadian limit of 20 
pg/l U. The U concentrations were highest in the 
water from drilled bedrock wells: 15 % of the 
2 385 investigated sites had values exceeding 20 
pg/l, and 5 % values higher than 100 pg/l. 

More than one-fifth of the rural population in 
Finland, i.e. 1-1.2 million people, have their own 
drinking water sources. An estimated 10 to 20 % 
of the private water intakes are drilled bedrock 
wells, where excessive U concentrations are com- 
mon, particularly in some granite areas of south- 
ern Finland. Here high Rn concentrations in 
groundwater pose a notable health risk. Neverthe- 
less, the main pathway of radioactive radiation to 
man is the Rn released into house air. Radon flux 

from the fracture systems of bedrock through 
previous overburden is the most important source 
of Rn in dwellings. Water may contribute con- 
spicuously to radiation doses (generally below 
10 %); basement filling or construction material 
(concrete, bricks) play only a minor role. 

Glaciofluvial formations such as eskers and 
esker deltas and the Salpausselka ice-marginal for- 
mations, which are largely composed of pervious 
sand and gravel deposits, act as conduits and reser- 
voirs for Rn gas emanating from deeper fracture 
systems of bedrock. Hence these deposits are the 
most risky foundations for houses in uraniferous 
and Rn-afflicted areas (Fig. 13). Tili deposits and 
bedrock outcrops are generally safer although the 
situation depends on the in situ perviousness of 
the material and on any local U mineralizations. 
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Fig. 13. The pathways of radon flw into houses founded on various geological formations. Pervious glaciofluvial formations such as 
eskers and deltas (associated with oskers and ice-marginal formations) serve as conduits and reservoirs for Rn gas and are thus the most 
nsky building sites for detached and semi-detached one-storey houpes (A) in Rn-afflicted aruis. Till, rich in fines (B) and bedrock outcrops 
(C) are generally less risky. Irnpervious clay deposits @) are safe. Drawn by H. Kutvonen. 

Impervious clay and silt do not allow any harm- 
ful Rn to flow through the deposits, as gas pene- 
trates the fine-grained deposits only by diffusion. 

The intensity of the Rn influx into dwellings 
fluctuates markedly in the course of a single day 
or year, depending on hydrometeorological con- 
ditions (i.e. amount of rainfall, the related soil 
moisture contents and the rising or lowering 
groundwater table), the pumping rates of ground- 
water, particularly in drilled bedrock wells, the sea- 
son of the year (i.e. the occurrence of ground frost 
and snow cover), indoor and outdoor temperature 
differences and the heating and ventilation of 
houses. A rising groundwater table may induce a 
higher Rn influx into dwellings. In general, Rn 
concentrations are higher in winter than in sum- 
mer owing to the confining effect of frost and 
snow cover and to the prevailing low-pressure in 
houses caused by high outdoor-indoor tempera- 
ture differences and ventilation ("stuck effect"). 

In some Rn afflicted areas intended for detached 
or semi-detached housing, the concentrations of 
Rn were measured by the FCRNS and Helsinki 
University of Technology (Voutilainen et al. 1987). 
Analysis of the Ra concentrations of till soil also 

proved feasible, as the concentrations of both ra- 
dioactive components correlate fairly well with 
each other . 

Radon has been considered a health risk if it oc- 
curs in abundance in inhaled house air. The up- 
per recommended Rn concentrations in ambient 
house air were previously 800 Bq/m3 but they are 
currently 200 Bq/m3, values which were exceeded 
in 1.4 % and 11 % of the cases in 4 450 measure- 
ments carried out by the FCRNS in the most 
heavily Rn afflicted areas in southern Finland 
(Castren et al. 1987). Although excess Rn is known 
to exacerbate the risk of lung cancer, the real 
causal link has not been established despite the un- 
usually high radiation activity exposures in parts 
of southern Finland (the Lapinjärvi area in par- 
ticular). Neither the statistics of clinical investiga- 
tions nor a comparison of cancer incidence maps 
(cf. Anon 1987) with those showing the distribu- 
tion of Rn in groundwater or in house air point 
to any correlation between Rn emanations and 
health conditions. However, an estimated 10 Olo 
to 30 % of lung cancer cases in Finland are due 
to Rn exposure (200 to 600 cases annually). 
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Geochemical environmental factors have geomedical effects, especially 
through nutrition. To some degree they also affect skin and respiratory 
organs. Osteomalacia due to phosphorus deficiency and a remedy against 
it were known in Norway for more than 200 years. A thorough review 
of the older literature would undoubtedly reveal more such geomedical 
patterns in other countries. 

Geochemical analytical results and registrations of diseases provide the 
indispensable basis for geomedical studies. Element distributions in na- 
ture can be responsible for deficiencies and poisonings. Knowledge of ' 

biological and geochemical cycling processes is important for the under- 
standing of geomedical problems in general. Chemical climatology focuses 
on interesting geochemical processes with geomedical consequences. 

New methods need to be developed. Close collaboration between medi- 
cal doctors, veterinarians and environmental scientists is to be encouraged. 
More comprehensive investigations on geomedical problems in wild animais 
can be expected to give valuable results. 

Key words: environmental geology, geochemical surveys, media1 geology, 
Norway 
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GEOCHEMISTRY AS AN INDEPENDENT DISCIPLINE 

The term geochemistry seems to have been in- 
troduced by the Swiss chemist Christian Friedrich 
Schönbein in 1838. He also explained what this 
science ought to comprise (Wedepohl1969). How- 
ever, a long time elapsed before geochemistry was 
to become an independent discipline. The next per- 
son to use the term may have been the American 
Frank W. Clark at the beginning of the twentieth 
century. 

As the name indicates, geochemistry has roots 
in geology and chemistry, and only when both of 
these sciences had reached a certain stage of matu- 

rity could there be a forward development of geo- 
chemistry. 

For a long time geochemical investigations fo- 
cused on the quantitative chemical composition of 
the earth. Later, the laws determining the distri- 
bution of the elements were formulated. 

In Scandinavia we can be proud of the many 
valuable Scientific contributions that have origi- 
nated here. Both geology and chemistry have been 
strongly represented and, to take just one exam- 
ple, the research of V.M. Goldschmidt (1888- 
1947) was epoch making in geochemistry. 



Geological Survey of Finland, Special Paper 9 
Jul Ltig 

COMPREHENSIVE GEOCHEMICAL SURVEYS 

Since World War II, the almost revolutionary 
progress in chemical analysis has provided a basis 
for the production of extensive and very valuable 
geochemical data. Although the information has 
often been collected in connection with ore explo- 
ration, it can be used for other purposes as well. 

During a conference in Trondheim 30 years ago 
it was suggested that the Statens Rhstofflabora- 
torium (later organized as the chemical section of 
the Geological Survey of Norway) should work to- 
gether with the Institute of Soi1 Science of the 
Agricultural University of Norway and the Na- 
tional Forest Survey. The analyses of humus Sam- 
ples that were subsequently collected, yielded in- 
teresting results. For example, a remarkable in- 

fluence of the chemical clirnate was discovered. Ex- 
perience from these investigations was used in 
planning new projects in Norway. 

In the other Nordic countries geochemical 
prospecting has been carried out on a grand scale. 
The geochemical part of the Nordkalott project 
has yielded singular results that can be used for 
both theoretical and practical purposes, and not 
least as a basis for geomedical investigations (B01- 
viken et al. 1986). 

From other parts of the world, too - the United 
States, the Soviet Union, China and Great Brit- 
ain - very valuable results of geochemical inves- 
tigations have been presented. Similar activities are 
going on now in many countries. 

BIOLOGICAL AND GEOCHEMICAL CYCLING 

The cycling of substances from soils to plants 
and further to animals and man, and the return 
of waste products to soils, are essential processes 
in ecosystems. To try to comprehend the regu- 
larities of these complicated processes has been a 
real challenge to scientists. 

Human activity has a strong impact on the flow 
of matter in nature in modern industrialized so- 
cieties. Pollution has grown to be an extremely seri- 
ous problem. The large quantities of fossil fuel 
being burned in energy production are polluting 
the atmosphere. Many elements that previously cir- 
culated only in small concentrations are now being 
mobilized by industry. Living organisms are being 
faced with rapid changes in the environment and 
for many species time is too short for essential 
genetic adaptation. 

Pollution threatens to disturb the established 
equilibriums of nature. The lowering of pH in soils 
owing to acid precipitation causes some elements 
to become more readily available for plants, while 

others, e.g. molybdenum and selenium, are taken 
up more slowly. In the long run the lowering of 
pH results in a loss of nutrients. 

A distinction is commonly made between local 
and global pollution. As an example of the latter, 
great amounts of pollutants are brought by global 
air currents to the Nordic countries. My calcula- 
tions, based on figures published by Steinnes 
(1 984,1989), suggest that cadmium concentrations 
in the natural humus cover in the southernmost 
part of Norway have doubled during a period of 
half a century, and that the concentrations of lead 
have increased even faster (Låg 1989). 

The addition of certain pollutants to the soi1 can 
change the availability of others. Both antagonis- 
tic and synergistic processes are encountered. 

So far, attention has mostly been directed to the 
extreme situations consequent upon excess or defi- 
ciency of elements. As knowledge increases, more 
moderate occurrences will have to be taken note 
of as well. 

REGISTRATION OF HEALTH PROBLEMS IN MAN AND ANIMALS 

Reliable records on the incidence of diseases are heart diseases. Though records are not as exten- 
an invaluable aid to geomedical investigation. sive as those for cancer, rapid progress is being 
Many countries already have reliable statistics for made. 
cancer and efforts are being made to improve them Although the occurrence of osteomalacia in 
further. Another important group is vascular/ domestic animals was originally blamed on graz- 



Geological Survey of Finland, Special Paper 9 
Geomedical aspects of geochemical environments 

ing of the plant (Narthecium ossifragum) (L.) 
Huds., as the name (ossifragum) suggests (see, for 
example, a literature compilation by LAg 1987), 
the real cause of the disease was a deficiency of 
phosphorus. At the advanced agriculture school 
in Ås, researchers last century found extra low con- 
centrations of phosphorus and calcium in hay from 
a district where osteomalacia was prevalent (Dircks 
1879). Some years later the geologist Vogt (1 888) 
proposed that in certain areas extremely low apa- 
tite content in the bedrock was responsible for the 
phosphorus deficiency. Interestingly, farmers had 
early found a remedy against osteomalacia: writ- 
ing in 1752, Pontoppidan tells us that the afflicted 
animals were fed crushed bones. 

A thorough review of the older literature un- 
doubtedly would yield interesting discoveries of 
this sort in many countries. As examples of general 

literature surveys may be mentioned Kovalskij 
(1977) and Underwood (1977). 

Some features of the geographical distribution 
of multiple sclerosis are well known. Many other 
illnesses are difficult to register accurately. More 
exact information on the distribution of rheumatic 
diseases is desirable, for instance. 

Generally speaking, less is known about the geo- 
graphical distribution of diseases in domestic 
animals yet geomedical regularities are often rela- 
tively easy to discover in animals, arnong other 
things because experiments may be carried out with 
less difficulty than in man. Fortunately, an im- 
provement in the registration of diseases in ani- 
mal husbandry has occurred in many countries. 

Comparison of the distributions of health prob- 
lems in man and animals may in some cases be 
quite interesting. 

RELATIONS BETWEEN ELEMENT DISTRIBUTIONS AND HEALTH PROBLEMS 
IN THE NORDIC COUNTRIES 

As noted above, it was known in Norway more 
than 100 years ago that phosphorus deficiency in 
rocks and soils can cause osteomalacia in animals. 
Phosphorus metabolism as a geomedical problem 
has later been of interest in many countries. 

Iodine deficiency causing goitre is a classical geo- 
medical case: in dry inland areas with young soils, 
both man and animals commonly suffered from 
this disease. 

The fluorosis associated with volcanic eruptions 
has been thoroughly investigated in Iceland (see 
e.g. Roholm 1937, Palsson et al. 1980). Another 
source of fluorine poisoning is industrial poilution: 
aluminum plants have caused problems in many 
places in Norway, for example. Fluorine deficien- 
cy, in turn, bears some responsibility for dental 
caries. 

Selenium deficiency causing muscular dystrophy 
in domestic animals was revealed in Finland soon 
after the discovery that this element was a nutrient. 
Later Finnish scientists have done a thorough in- 
vestigation on the chemical composition of food 
(Koivistoinen 1980). The addition of selenium to 
commercial fertilizers to increase the content in 

plants has been practiced in Finland since 1984. 
Norwegian investigations have shown that sele- 
nium concentrations in soils decrease away from 
the sea and with decreasing precipitation (LAg & 
Steinnes 1974, 1978). Before selenium compounds 
were added to feed concentrates in the 1 9 8 0 ' ~ ~  
selenium deficiency was comparatively common 
in Norwegian inland regions with low precipita- 
tion. 

Copper and cobalt deficiencies in domestic 
animals are associated with certain soils (see e.g. 
Ender 1942, 1946). Many other examples could be 
cited as well. 

If the food and feed of a community are sup- 
plied from a wide geographical area rather than 
locally, the chemical composition could be ex- 
pected to be fairly even. In recent times even large- 
scale geochemical patterns have nevertheless been 
discovered. Huge provinces exist, reflecting the 
chemical composition of bedrock. The chemical 
climate influences soi1 chemistry. These large-scale 
conditions put the discussion of geomedical rela- 
tionships in a new perspective. 

GEOCHEMICAL FACTORS AND THE DISTRIBUTION OF WILD ANIMAL POPULA- 
TIONS 

As in animal husbandry, geochemical conditions ably they also determine the geographical distri- 
influence the health of wild animals. Most prob- bution of species though our present knowledge 
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of these relations is very limited. A few examples 
may be illustrative. 

Many organisms are dependent on an abundant 
supply of calcium for sheil building. Thus, animals 
with shells of calcium carbonate do not occur in 
environments extremely low in calcium. For ex- 
ample, the geographical distribution of crayfish 
to some extent follows the abundance of calcium 
carbonate. 

Some parasites are dependent on intermediate 
hosts having shells. As an example may be men- 
tioned the reindeer parasite (Elaphostrongylus ran- 
giferi). This nematode occurs in areas rich in cal- 
cium because it depends on intermediate hosts re- 
quiring a lot of calcium (Halvorsen 1986). The geo- 
graphical distribution of the definitive host may 
thus be limiting on the growth of a parasite. In 
such situations we can speak of a geomedical rela- 
tionship. 

Geomedical factors influence the distribution of 
animal species in other ways too. The supply of 
food is often decisive, and this depends in many 
cases on geochemical and soil chemical as well as 
climatic conditions. Soi1 properties in particular 
are very important in determining the distribution 
of plant species and plant societies. 

The distribution of fish species depends on the 
occurrence of the organisms they feed on, and the 
supply of inorganic nutrients is often of impor- 
tance too. Many fish species are sensitive to heavy 
metals, and mining has on many occasions proved 
fatal to life in watercourses. Natural heavy metal 
poisoning occurs as well (see e.g. Lag & Bölviken 
1974). In many of the watercourses in southern- 
most Norway fish populations have been extermi- 
nated by acid rain (see e.g. Overrein et al. 1980, 
The Norwegian State 1988). Elevated aluminum 
concentrations often seem to be the reason for fish 
death. 

Fluorosis in reindeer has been reported in the 
neighborhood of an aluminum plant (Holt 1978). 
It is likely that pollution from industry causes darn- 
age to wildlife more often than we know. 

Many of the factors mentioned above strongly 
influence the total production of game and fish 
and in this way assume economic significance. 

If geomedical relationships were better under- 
stood, we should be able to intervene in ecosystems 
in a more rational way. 

FUTURE RESEARCH 

Methodical questions in geochemistry and soil chemistry 

Improvement of geochemical methods will, of 
course, continue. From a geomedical point of view 
certain problems are of Special interest. 

The Nordkalott project investigated the fol- 
lowing six types of samples: stream sediment, 
stream organic matter, stream moss, stream wa- 
ter, till, and terrestrial humus (B~lviken et al. 
1986). Not all types were collected in all areas. 
Some of the samples still await analysis; we have 
not yet seen the figures for samples of terrestrial 
humus, for example. It may be noted that the dis- 
covery of the influence of chemical climate on soil 
formation was based on such samples from Nord- 
Tröndelag (Låg 1962). In addition to terrestrial hu- 
mus, till samples should be especially interesting 
in geomedical connections. It is an advantage 
to have information on the sampling depths: 
whether it is the C-layer or a layer higher up in 
the soil profile that has been sampled. Notes on 
profile groups, and sampling of more than two 
layers, are also of considerable value. These more 
detailed investigations would be of value, for in- 

stance, in assessing the contamination of soils 
through air-borne pollution . 

An increasing number of elements are becorning 
of importance and need to be determined. Knowl- 
edge of soil acidity is valuable when element cy- 
cling is under study. In assessing the influence of 
acid rain and the use of lime as a remedy, buffer 
per cent curves will be of value, in addition to or- 
dinary measurements of pH (Låg 1948). 

Solution and precipitation of iron, manganese, 
and aluminum compounds depend to a large de- 
gree on pH. Since many other elements are ab- 
sorbed in precipitates of these elements, they have 
an important influence on geochemical cycles. 

In addition to total chemical analysis, extrac- 
tion analysis of the more readily soluble fraction 
is desirable, especially as a means to understand- 
ing cycling processes. In the case of humus, the 
various fractions may need to be analyzed in or- 
der to probe important geochemical and soil chem- 
ical processes. 

Radiation from radioactive matter is particularly 
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relevant to the discussion of health problems. if their results can also be applied in other areas. 
Now that considerable quantities of geochemi- The possibility of geochemical data also being used 

cal data have been collected, we can began to dis- in geomedical research should be taken into ac- 
cuss methodical problems in the light of ex- count when new projects are planned. 
periences gained so far. Most scientists are happy 

Specifying human and veterinary health statistics 

Very detailed health statistics, for both man and tors affecting skin and respiratory organs are also 
animals, are a prerequisite for geomedical inves- of importance. More attention has been drawn to 
tigations. When large statistical surveys are being these problems in recent years (McLachlan et al. 
planned, the possible use of the results for 1989). 
prophylactic purposes should be stressed. Besides drastic illnesses the statistics should, as 

In general, nutrition is very important to health. far as possible, also cover the milder diseases. 
Detailed data on the arnounts and composition of Many chronic diseases are of interest. 
different foods and feeds will be valuable. Fac- 

Special investigations in selected districts 

Compilations of disease data for man and Anomalous distributions of elements may sug- 
animals often reveal specific geographical patterns. gest a parallel study of disease patterns. Where 
On some occasions environmental factors can be localities are deserving of closer investigation, an 
assumed to be the cause, and it may be desirable intimate collaboration among medical doctors, 
to initiate geochemical or soil chemical investiga- veterinarians, and environmental scientists will be 
tions so as to confirm or reject a working hy- valuable. 
pothesis. 
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The greenhouse effect caused by increasing amounts of certain gases 
in the atmosphere, the thinning of the ozone layer in the stratosphere, acid 
rain, air-borne cesium and other heavy metals, and radon emanating from 
the soi1 and bedrock are the most immediate threats to the atmosphere. 
The problems are reviewed briefly with special reference to the role of ge- 
ochemical processes in their origin and development and to the mechan- 
isms which Nature has for defending herself against these threats in ac- 
cordance with Le Chatelier's principle and the law of mass action. 

So far, geochemistry has not been able to predict the environmental 
threats that we are now facing. Indeed this is the most challenging task 
of present-day and future geochemistry to render itself able to foresee the 
threats and warn of them before they make themselves apparent, which 
they certainly will do if nothing is done to stall their progress. 

Key words: atmosphere, geochemistry, acid rain, greenhouse effect, ozone, 
radon, heavy metals 

Risto Piispanen, University of Oulu, Linnanmaa, SF-90570 Oulu, Finland 

INTRODUCTION 

In analogy to what has been said of music at- 
mospheric environmental pollution recognizes no 
geographical or political boundaries. Air-borne 
pollutants are carried by air currents sometimes 
far beyond the boundaries of the source country 
and, as a consequence, many of the environmental 
problems of today have become global in extent. 
Acid rain, or more generally acid precipitation, is 
just one example of the global environmental prob- 
lems from which almost all mankind is already 
suffering. Similarly, the gradual warming of the 
atmosphere, known as the greenhouse effect, will 
be and already is of concern, to all mankind, as 
is the thinning of the ozone layer of the strato- 
sphere especially over the polar areas. Radon 

emanating from the soi1 and bedrock, especially 
in areas of uranium-bearing bedrock, likewise 
threatens the health of the population living in 
these areas. 

Geochemical processes are involved in each of 
the above problems and the problems can conse- 
quently be regarded as geochemical ones, since in 
each of them the geochemical cycling of a par- 
ticular element, the essence and realm of geo- 
chemistry, is involved. For instance, the geochem- 
ical cycles of sulfur and nitrogen are involved in 
the origin and consequences of acid rain, and the 
cycling of carbon supports the formation of the 
carbon dioxide water buffer system in which Na- 
ture attempts to fight against the rise of the at- 
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mospheric carbon dioxide level, the main cause of recognized problems of environmental atmogeo- 
the greenhouse effect. Therefore, geochemistry chemistry, with special regard of to the origin and 
should be actively involved in the study of the consequences geochemical processes and to Na- 
above phenomena and should be consulted when ture's attempt to correct the disrupted balance in 
the consequences of the above problems are being accordance with Le Chatelier's principle, the prin- 
evaluated. ciple of preservation of the status quo in the 

The present paper briefly reviews the currently nature. 

ACID RAIN 

Table 1 presents a summary of the currently 
known, most pressing problems of environrnen- 
tal atmogeochernistry. Acid rain, or more precisely 
acid precipitation, is together with the ozone prob- 
lem the most immediate present threat to the en- 
vironment in general and to the health of man- 
kind in particular. 

Table 1. Summary of current problems of environmental at- 
mogeochemistry. 

Chemical Compounds Problem Consequences 
element or isotope 

S SO,, SOb-, Acid rain Acidification of 
H2S water and soil, 

forest decline, 
mobilization of 
heavy metals, 
pollution of 
water, health 
hazards 

N NzO, NO, Acid rain See above 
No2 Ozone in 

troposphere 

C1 CFC Ozone Health hazards 
depletion, (skin cancer, 
Destruction eye damage), 
of ozone plant growth 
layer inhibition 

C Co,, CH4, Greenhouse Warming of 
CFC effect Earth's surface, 

sea-level rise, 
increase of rain, 
desertification, 
drowning of 
low-lying areas 

Rn ,"Rn Radon Health hazards 
(lung cancer, 
leukemia [?]) 

Heavy 
metals 

Heavy metal Health hazards, 
pollution forest decline 

Acid rain in the purely chemical meaning of the 
term is nothing new or strange in Nature; rain wa- 
ter of the pristine pre-industrial environment was 
acidic because of the presence of substances such 
as carbon dioxide in the air, which by reaction with 
water or water vapor form acids. In the case of 
carbon dioxide the reaction is 

(1) CO, + H 2 0  = H2C03 

which generates a weak acid, carbonic acid. Al- 
though a weak acid, carbonic acid dissociates to 
some extent into hydrogen ions and bicarbonate 
ions: 

and further in a second step into carbonate anion 
and hydrogen ions: 

The second-step dissociation is in practice so 
weak that it is normally omitted and a calculation 
of, the acidity of natural waters is normally car- 
ried out with reference to the firststep dissociation 
only. The resulting pH depends upon the partial 
ressure of carbon dioxide in the air and is 5.7 on 
the basis of the present carbon dioxide level, which 
is commonly taken to be 340 ppm by volume 
(ppmv). Thus all natural waters (except for sea- 
water which is in equilibrium with limestone and 
has higher pH) are acidic in the purely chemical 
meaning of the term. In order to exclude those 
waters that are acidic only to the extent presented 
above it has become customary in environmental 
studies to define acid rain as rain water in which 
pH is equal to or less than 5.6. 

Acidity levels below pH 5.6 are encountered with 
a few exceptions in the atmosphere only as a re- 
sult of pollution. The most important pollutants 
giving rise to acidity in the atmosphere are sulfur 
dioxide and oxides of nitrogen. It is true that cer- 
tain arnounts of these substances occur also in the 
unpolluted atmosphere and cause some acidity 
even there, but the main cause of the present-day 
acidity of the atmosphere and precipitation is the 
anthropogenically emitted oxides of sulfur and 
nitrogen. 

Of the sulfur compounds in the air, sulfur di- 
oxide is by far the most abundant, accounting for 
95 per cent of the total content of sulfur (Likens 
et al. 1982). The concentration of SO, in unpol- 
luted air is 0.35 pg S/m3 on average (Warnecke 



Fig. 1 .  Global anthropogenic emissions of sulfur dioxide 1860-2000 
in Tg (Speth 1988). 

& Huch 1988), sometimes rising to 4 pg S/m3. In 
poiluted areas the concentration varies from 6 to 
over 600 pg S/m3. The total amount of an- 
thropogenically induced sulfur dioxide in the at- 
mosphere has been estimated at between 64 and 
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214 Tg S/a (Fig. l) ,  which is the equivalent of 
128-428 Tg S02/a (Speth 1988). As a result of 
the determined efforts by the major industrialized 
countries to abate their emissions, a considerable 
slowing of the increase in the annual emission of 
sulfur dioxide was achieved by the end of 1986. 
Further reductions can be expected in the wake of 
the agreements signed in Vienna and Montreal. 
The outlook for the future is not promising, how- 
ever, when one allows for the rights of the devel- 
oping countries to raise their standard of living and 
to claim their fair share of the general well-being 
of mankind. (Fig. 1). In the atmosphere sulfur di- 
oxide is oxidized in chemical, freeradical and pho- 
tochemical reactions to sulfureous and sulfuric 
acids (Edmund & Coe 1986). The reactions are too 
many and too complicated to be presented in de- 
tai1 here, but in simplified form the main ones are: 

(5) SO, + H 2 0  = H2S04 

Similarly the oxides of nitrogen are oxidized into 
nitrous and nitric acid in reactions such as: 

700 

LENINGRAD 
- / - J  

Fig. 2. Anthropogenic emissions of sulfur dioxide in Finland, Kola, Karelia, the Lenin- 
grad area and Estonia in 1989. Unit 103 tonnes SO,/y (Heikkilä 1989 a). 
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Fig. 3. Anthropogenic emissions of sulfur dioxide from the most impor- 
tant point sources in eastern Fennascandia and the Baltic. Unit 103 tonnes 
SO,/y (Heikkila 1989 a). 
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"-3, 
Fig. 4. Zones (1-VI) of forest damages in the Kola area after V.V. Kryuchkov (Heikki& 1989 b). 
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Fig. 5. Prevailing wind directions in Europe in January (Bernes 1981). Fig. 6. Sulfur dioxide ernissions in Sweden 1950-1995. Unit 103 

tonnes S/y (Bernes 1987). 
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Fig. 7. Sulfur dioxide ernissions in Finland 1970-1993 (Herrnonen 1989). 

The ratio of sulfuric acid to nitric acid in acid 
precipitation is commonly assumed to be 3 : 1 
(Bernes 1981)' but in the future the ratio may 
change as a result of abatements and the purifi- 
cation of automobile exhaust gases and other emis- 
sions. 

During the 1980's the large emissions of sulfur 
dioxide and heavy metals in the Kola area in the 
Soviet Union (Fig. 2) have become felt in Finland, 
as elsewhere in northern Europe. Taken as a whole 
the Kola emissions are greater than those of all 
Finland. Two point sources in particular, Nikel 
(Pechenga) and Monchegorsk, produce huge 
amounts (Fig. 3) of sulfur dioxide, which together 
with other factors such as heavy metal pollution 

1900 -15 - 30 -45 -60 -75  -85 

Fig. 8. Sulfur dioxide and NO, ernissions in the United States, 
and extremely cold climatic conditions have caused 

1900-198s (Speth 1988). heavy damages to forests and other vegetation in 
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Kola (Fig. 4). Symptoms of forest decline (Hut- In spite of the diminishing emissions of sulfur 
tunen 1989) are also being noticed on the Finnish dioxide in industrialized countries, e.g. in Sweden 
side of the border, but because of the prevailing (Fig. 6), Finland (Fig. 7) and the USA (Fig. 8), 
wind direction (Fig. 5) these are not as severe as the overaI1 global picture is pessimistit because of 
they might be. It is also fortunate for the forest the increasing amounts of energy needed in the de- 
resources on both sides of the border that the huge veloping countries, which almost inevitably must 
apatite resources of Kola are transported out for mean an increasing use of coal and petroleum. 
processing into fertilizer. 

THE GREENHOUSE EFFECT 

The greenhouse effect refers to the gradual 
warming of the Earth's surface and atmosphere 
as a result of an increase in the so-called green- 
house gases (GG) in the atmosphere. The phenom- 
enon was predicted long ago by Jean Baptiste- 
Joseph Fourier (1768-1830) who also saw the 
analogy between the glass walls of a greenhouse 
and the carbon dioxide in the air (Revelle 1985). 
Another early pioneer on the subject was the Swed- 
ish chemist Svante Arrhenius (1859-1927) who 
realized that the content of carbon dioxide in the 
air was increasing as a result of the increased burn- 
ing of fossil fuels. Arrhenius made the first cal- 
culations of the resulting temperature rise on the 
Earth's surface and concluded that a doubling of 
carbon dioxide would raise the average tempera- 
ture by 5-6OC, a result not altogether out of line 
with modern estimations (1.5-4e; Bolin et al. 
1986). 

As we can see, the phenomenon takes its name 
from the analogy between the glass walls and roof 
of a greenhouse and the effect of GG in the air. 
In a greenhouse, a rising temperature is beneficial 
and in part obtained through the insulating capa- 
bility of glass. In the atmosphere the greenhouse 
effect is not entirely harmful but in part also 
beneficial as far as the overall Earth surface tem- 
perature is concerned; it restores the paradise-like 
conditions that the Earth had some 8 000 years 
ago, as the leading Soviet expert on the subject 
M. Budyko has put it. On the other hand, it is a 
real problem, and has harmful side-effects such 
as the rise of the sea level which, could be dis- 
astrous to countries occupying low-lying coastal 
areas. It also raises the metal contents of natural 
waters in a potentially dangerous way. 

The mechanism by which the greenhouse gases 
raise the temperature of the Earth's surface and 
atmosphere is that of energy absorption: the GG 
are transparent to the short-wave radiation coming 
from the stratosphere and let it in, but they ab- 
sorb the long-wave radiation, that is attempting 
to escape from the Earth, whereby the tempera- 

ture is raised. The dominating role among the 
greenhouse gases is played by carbon dioxide with 
the result that the effect is sometimes blamed on 
the increase of carbon dioxide only. It must be 
remembered, however, that there are other impor- 
tant gases contributing to the total effect. Table 
2 gives the relative proportions in which carbon 
dioxide and other greenhouse gases, gases such as 
CFC, ozone and the oxides of nitrogen, contribute 
to the effect. 

Table 2. Relative contributions of various gases to the total green- 
house effect (Warneck 1988). 

CFC 20-35 % 

NOx 5-10 % 

Ozone 5-10 % 

Others 

The concentration of carbon dioxide in the air 
is now 343 ppmv (Warneck 1988) and is increasing 
mainly as a result of the burning of fossil fuels 
(Fig. 9). Some 5 gigatonnes of carbon (Fig. 10) 
is added to the atmosphere annually, and if there 
were no compensating mechanisms, the carbon di- 
oxide concentration of the air would increase by 
2.5-3 ppmv units, or by about 0.7 per cent an- 
nually. Other factors promoting indirectly or 
directly the rise of the carbon dioxide level in the 
air are the decertification of equatorial areas and 
the drying of peatlands by artificial drainage in 
high latitudes. On the other hand, an increase of 
carbon dioxide promotes more intensive growth 
of plants, in more ways than one, and this has the 
counteracting effebt of reducing the amount of 
carbon dioxide which is also in accordance with 
Le Chatelier's principle according to which Na- 
ture tries to eliminate the increase of carbon di- 
oxide in the air. As a consequence the rise of the 
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MAUNA LOA 

POLAR CONTINENTAL ICE 
P pm 

Fig. 9. Carbon dioxide concentrations in air over Mauna Loa, Hawaii, and in the continental ice of the 
Antarctic (Revelle 1982). 

carbon dioxide level in the air is of the order of 
1 ppmv unit instead of the expected 2 or 3 units. 

Another way in which the status quo in Nature 
is maintained is through the consumption of car- 
bon dioxide in the weathering of silicates and other 
minerals, whereby carbon dioxide becomes fixed 
as bicarbonate ion in natural waters. One exam- 
ple of this kind of elimination is seen in Fig. 11 
where an increase of carbon dioxide in the at- 
mosphere causes more carbon dioxide to dissolve 
in water, more carbonic acid to form and more 
calcareous sediments, or limestones, on the bot- 
tom of the basin to be dissolved. In reverse order, 
the same chain of reactions would occur in the 
event of a decrease of carbon dioxide in the at- 
mosphere: more limestone would be deposited and 
more carbon dioxide driven into the atmosphere 
from its dissolved state in water. 

The above-described mechanism for the elimi- 

nation of excess carbon dioxide from the at- 
mosphere cannot eliminate the excess carbon di- 
oxide entirely, especially when there is only a short 
period of time for the balance to be re-established. 
In the long run the excess would be eliminated, 
but with the present rate of increase in the emis- 
sion of CO, into the air, only about half of it can 
be absorbed by the described eliminating mechan- 
isms. The increase is nevertheless only about one 
half of the amount that it would otherwise be. 
Besides the effects described above, increase and 
decrease of carbon dioxide in the atmosphere have 
numerous other important sideeffects (Revelle 
1982). At the one extreme, a decrease in the level 
of carbon dioxide could lead to ice-ages and glaci- 
ation, as suggested already in the 1850's by T.C. 
Chamberlain, and to wide-scale decertification 
(Warneck 1988). On the other hand, an increase 
in carbon dioxide in the atmosphere leads inevita- 
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Atmosphere 
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Carbonate rocks 1 10,000,000 
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u = upwelling 

d = downwelling 
Fig. 10. The carbon cycle. Unit 109 tonnes C (Warnecke & Huch 1988). 

bly to large-scale flooding of the low-lying coast- 280-290 ppmv level to the present 340-350 ppmv 
al areas as discussed above. So far the increase in level has caused a rise of about 0.6"C in the aver- 
the level of carbon dioxide from the pre-industrial age overall temperature of the Earth and a rise in 

Fig. 11. Illustrating the work of the carbon dioxide water buffer system against an increase af CO, 
levels in the atmorphere and against increased acidification. 
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the sea level by 10 or 15 cm (Warnecke & Huch ppm 
1988). It may be worth mentioning that without ,,o 
carbon dioxide in the air the average globai tem- 
perature would be as low as -20°C. 

Several models of the future temperature rises 400 
resulting from the increases in the carbon dioxide 
and GG levels have been constructed. Figure 12 
gives an illustration of the scatter of the various 300 

estimations yielded by different assumptions (War- , 
necke & H U C ~  1988). Fig. 12. Forecasts for the development of CO2 and LGG (sum of 

greenhouse gases) levels, 1979-2100 (Warnecke & Huch 1988). 

OZONE 

Ozone (O,), a bluish gas with a pungent odor, 
is a three-atomic molecule of oxygen which in the 
stratosphere (Fig. 13) has the highly important 
function of protecting mankind from the excess 
ultraviolet radiation that would otherwise pene- 
trate to the Earth's surface and be harmful to hu- 
man health through causing skin cancer and dam- 
age to the retina of the eye. In the troposphere, 
in contrast, ozone in concentrations larger than 
5 pg/m3 suppresses growth and causes darnage to 
plants in generai and crops in particular; the criti- 
cal concentration is 50 pg/m3 as a daily average 
as set by the ECE (Stolarski 1988). In the strato- 
sphere ozone can have further harmful side-effects 
as one of the greenhouse gases discussed above. 

As a chemical substance, ozone was discovered 
by C.F. Schönbein, one of the pioneers of geo- 
chemistry, in the 1850's. In view of its capability 
of protecting mankind from excess UV radiation 
its most important physical property is that it has 
an absorption peak at 300 nm. This was discov- 
ered by Hartley in 1881 (Warneck 1988). 

Ozone is generated in the stratosphere in com- 
plicated photochemical reactions, the detailed 
description of which would require the presenta- 
tion of more than 100 reaction equations. What 
is important to note here is that the generation of 
ozone requires the presence of light energy and 
when this is sparse, as for instance during the win- 
ter period above the polar areas, the natural 
ozonedestructive reactions dorninate and the ozone 
concentration drops. The natural seasonal fluc- 
tuation in the abundance of ozone over the polar 
areas seems to have caused much confusion, even 
false alarms of drastic decreases of ozone. In real- 
ity the decrease may have been quite normal and 
within the boundaries of the natural variation. 
However, this is not to deny the well-established 
fact that there are anthropogenically induced sub- 
stances in the air which are capable of destroying 
the ozone layer, by which is meant the part of the 
atmosphere lying at the height of between 9-12 
and 30 to 50 kilometres (Fig. 13). Maximum den- 
sity of ozone occurs at the height of 35 km where 
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OZONE LAYER 

Fig. 13. Structure of the Earth's atmosphere (Warneck 1988). 
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Fig. 14. Enlargement of the ozone hole over the Antarctic 1981-1985 (Keeping 1988). 

also a temperature peak is found (Warneck 1988). 
The density of ozone in this layer is normally of 
the order of 400-500 Dobson units (one Dobson 
unit is the equivalent of a layer of pure ozone 0.01 
mm thick at sea-level conditions) and it is cus- 
tomary to speak about an "ozone hole" if the den- 
sity decreases to about 200 dobsons. Figure 14 
shows the observed enlargement of the ozone hole 
over the Antarctic in 1981-1985 after Keeping 
(1988). 

The destructive effect of chlorofluorocarbons 
(CFC) on ozone was anticipated by Molina and 
Rowland as early as 1974 and the first observa- 
tions concerning the thinning of the ozone layer 
over the Antarctic were made by the British Ant- 
arctic Survey and specifically by Jonathan Shank- 
lin in 1982 (Warneck 1988). 

CFC, also known as freons, have many appli- 
cations; they are used as propellant gases in aero- 
sol containers, as cleaning agents and as thermal 
insulators, in plastic foams, in plastics of many 
kinds, and as working gases in cooling devices, 
refrigerators and freezers. Liberated from their 
sources the CFC diffuse up to the stratosphere 
where they destroy ozone by emitting chlorine in 
elemental form, which in turn reacts with ozone 
to give chlorine oxide (C10). 

As an example, freon-12 liberates chlorine: 

(7) C1,CF2 + hv (UV radiation) = C1+ ClCF, 

and chlorine reacts with ozone: 

whereby ozone is destroyed and chlorine oxide 
(C10) formed. Chlorine oxide thereafter may react 
with an oxygen atom 

whereby the chlorine atom is again liberated and 
available to react with and destroy a further mol- 
ecule of ozone. Thus a single chlorine atom, at 
least in principle, is capable of initiating an end- 
less chain of reaction. In practice it is estimated 
that 10,000-100,000 molecules of ozone can be 
destroyed by a single atom of chlorine. Halons, 
another group of halogen-based carbon com- 
pounds used particularly in fire-extinguishers, are 
even more destructive; a chlorine atom liberated 
from halons is said to be able to destroy millions 
of ozone molecules. Because of the chain effect, 
the attack on the ozone layer can be expected to 
continue long after the last CFC or halons are 
released into the atmosphere. 

Recently, the industrialized nations have been 
taking steps to cut down their CFC production, 
the total amount of which in 1980 was some 
900,000 tonnes. A convention calling for produc- 
tion to be cut back by 50 per cent by August of 
1998 was signed in Montreal. Anotner convention 
was signed in 1989 in Helsinki, whereby several 
countries bound themselves to forego the use of 
freons entirely by the year 2000. China, on the 
other hand, plans to increase the CFC production 
tenfold by the year 1991. 

RADON 

Radon, and more specifically its radioactive iso- and the underlying bedrock into the atmosphere, 
tope 222Rn, is believed to be harmful to the hu- or even more harmfully into the ambient and in- 
man health, and since it emanates from the soi1 door air, it can be regarded as one of the current 
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Fig. 15. Origin of 222Rn in the decay series of 238U. Modified after Faure (1988). 

problems of environmental atmogeochemistry. 
Radon is a chemically inert gas which together 

with helium, neon, argon, krypton and xenon be- 
longs to group VIII of the Periodic Table. Because 
they have very weak chemical activity, the noble 
gases tend to persist as such in their environment 
of residence. Radon is heavier than air and color- 
less and odorless, but it is easily detected by its 
radioactivity. Altogether it has 27 known isotopes 
(Cothern & Smith 1988) ranging from ZooRn to 
226Rn. All these isotopes are radioactive with 
half-lives less than one hour, except for 222Rn, 
Z1ORn and 211Rn which have half-lives of 3.8 d, 2.5 
h and 14.7 h respectively. 

Isotopes of radon are evolved in the radioac- 
tive decay series of 238U, 235U and 23ZTh, which 
produce 222Rn, 219Rn, and 220Rn respectively, as 
intermediate radioactive members of the series. 
Fig. 15 shows the decay series of 238U in a simpli- 
fied form. 

From the environmental point of view most of 
the harmful effects of radon can be attributed to 

222Rn, which is the most abundant of the isotopes 
and has the longest half-life. Even in 1986, the year 
of Chernobyl, of the radiation dose (Fig. 16) 
received by an average person in Finland, the main 
part came from radon. Radon-222 is an alpha 
emitter and decays to 218Po and further to 206Pb, 
which is the stable isotope that ends the decay 
chain. 

CHERNOBYL (0.5 mSv) 

RADIOACTIVE SUBSTANCES 
IN HUMAN BODY (0.4 mSv) 

Fig. 16. Sources of radiation doses in Finland in 1986. (Ministry 
of the Environment 1987). 
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Fig. 17. Radon in indoor air in Finland (Ministry of the Environment 1987). 

The harmful effect of radon upon human health 
is associated with its gaseous form and its solid 
decay product 218Po. lnhaled into lungs 2*Rn 
emits alpha particles, which despite their short 
range of penetration reach deep enough into the 
lung tissue, where they disturb the DNA structure, 
and in the worst case cause lung cancer. 218Po is 
even more harmful because as a solid it can fix 
on the inner surface of the lung and continue its 
radioactive decay there. The first cases of lung can- 
cer due to radon were reported by Georgius Agri- 
cola as early as the 16th century from Schneeberg 
and Joachimstahl mines, though the element it- 
self was discovered only in 1900 by F.E. Horn at 
Halle, Germany. There is always a risk of over- 
estimating the effects of radon, since the miners 
in uranium mines are exposed to many other ra- 
dioactive isotopes, and the rock dust itself could 
be the real culprit. In any event, according to the 

Arnerican Cancer Society about 10,000 of the an- 
nual 130,000 lung cancer deaths in the USA are 
probably caused by exposure to radon (Cothern 
& Smith 1988). Brenner (1989) gives an even higher 
estimate of 15,000-50,000. 

In Finland high radon levels (more than 400 
Bq/rn? are encountered in the southeastern part 
of the country where the bedrock consists of 
rapakivi granite which is relatively rich in uranium 
(Fig. 17). Despite the high radon values recorded 
in indoor air in the rapakivi areas, no nationwide 
statistically significant correlation between urani- 
um levels in groundwater and the incidence of the 
lung cancer was revealed in a recent study by the 
present writer (Piispanen 1989). On the other hand, 
local correlation between uranium (and radon) and 
lung cancer was noted in a study by Piispanen and 
Nuutinen (1988) when incidences were compared 
in areas of different rocktypes; the incidences were 
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higher in an area (Kemijärvi) with granitic bed- varied and schistose. Simiiarly in Arnerican studies 
rock, which implies higher uranium and radon high incidences of lung cancer have been reported 
contents in the soil, air and water, than in an- from areas (e.g. Pennsylvania) with granitic bed- 
other area (Kuusamo) where the bedrock was more rock (Archer 1987). 

HEAVY METAL POLLUTION 

Heavy metals are emitted into the atmosphere 
from metallurgical and other industrial sources, 
from the burning of fossil fuels, from automobile 
traffic and as dust from the soil. From the fossil 
fuels metals such an bromine, germanium, beryl- 
lium, antimony and boron are liberated from the 
organic part of the fuel while metals like zinc, ar- 
senic, cadmium, iron, zirconium, mercury, lead, 
hafnium, and manganese derive from the inorganic 
part of the fuel (Huttunen 1989). In addition alu- 
minum, silicon, titanium, vanadium, molybde- 
num, potassium, phosphorus, gallium, calcium, 
chromium, cobalt, nickel, copper, magnesium and 
selenium are liberated from both the organic and 
the inorganic parts of the fuel. During burning, 
part of the metals are volatilized or escape as dust 
and ash particles, while part of them remain in the 
ash. 

Most of the heavy metals lead except for have 
a specific point source such as a factory or smelter, 
and on maps showing the deposition of metals, 
the equal-value contours lie concentrically around 
these sources. Thus high concentrations of chro- 
mium are met within soil and mosses in northern 
Finland concentrically diminishing away from the 
Kemi-Tornio area (Bernes 1987) where a large 
ferro-chrome factory is run by the Outokumpu 
Company. The same is true around Rönnskärs- 
verket near Skellefteå in northern Sweden (Bernes 
1982) where high deposition rates of arsene are 
encountered around the smelter owned by the 
Boliden Metal Company. Bernes (1987) gives 
figures for the annual wet deposition rates of cer- 
tain metals in Sweden: lead 1100, iron 6200, cad- 
mium 20, copper 300, manganese 1000 and zinc 

2600 tonnes. Corresponding figures for Finland 
are not available. 

Except for lead, heavy metal emissions in gen- 
eral are increasing. The global emissions of lead 
have been dirninishing (Fig. 18), hand-in-hand with 
the decrease of the concentration of lead in auto- 
mobile fuels to which it has been added to pre- 
vent knocking. However, together with the heavy 
metals mobilized in acidified soils and waters, the 
air-borne heavy metals will be problematic for the 
environment in general and for the health of man- 
kind in particular for a long time to come. 

10 tonnes 

210 

180 

Fig. 18. Decrease of global lead emissions. Unit 103 tonnes Pb/y 
(Speth 1988). 

A LOOK INTO THE FUTURE 

So far, geochemists have been studying environ- with other scientists were able to foresee and an- 
mental problems only after they have become es- ticipate problems of environmental geochemistry 
tablished. Typically, at that stage harmful effects before they become a reality. 
have already been inflicted on the environment. Geochemists must be more alert than they have 
Even though it is useful to study problems at a late been in the past and use their expertise to scent 
stage, it would be much better if geochemists along out potential hazards, either by theoretical argu- 
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ment or by recognizing the symptoms of new 
threats in good time. 

Against what has been said above the items listed 
in Table 3 are recognized by the present writer as 
potential environmental problems of a geochemi- 
cal nature. The first problem is that of fluorine, 
which is likely to be emitted as fluorine compounds 
wherever hydroxy- and fluorine-bearing minerals 
are thermaliy or chemically treated. Such a mineral 
is apatite (Ca,(F,Cl,OH)(POJ,, which is respon- 
sible for fluorine compounds in the neighborhood 
of brick and China clay and aluminum plants, and 
also around fertilizer plants where it is treated with 
sulfuric acid for the manufacture of phosphoric 
acid. With the huge reserves of apatite and the fer- 
tilizer industry in Apatity in the Soviet Kola Penin- 
sula the emissions of fluorine might have caused 
the large damages to forests added to the existing 
environmental stresses of sulfur dioxide and heavy 
metal deposition. 

A recent report from Texas suggests the pres- 
ence of arsenic in natural gases (Irgolic et al. 1989). 
If it turns out that the naturai gas in many of the 
world's gas fields is arsenic-bearing, we could be 
faced with yet another problem of environmental 

Table 3. Potential future problems of environmental atmogeo- 
chemistry. 

Chemical Compound Problem Source Consequences 
clement 

F F- Fluorine Apatite, Health hazards, 
AiF++ clay, forest decline 

ores of 
aluminum 

As Arsines. Arsene Natural 
arsenates gas (?) Health risks 

- 

atmogeochemistry. So far, the number of recorded 
cases is small and the threat is only hypothetical. 
Clearly, however, more anaiyses for arsenic are 
needed before natural gas is appiied as an energy 
source. 

Arsenic can also be a problem around the 
smelters of arsenicbearing and arsenic-rich ores 
and around disposai sites where excess arsenic has 
been stored for possible future use. 

Heavy metals emitted from fossil fuels, among 
others the oil shales of Estonia, and from the peats 
of many localities, can also be regarded as threats 
to the environment. Mercury, cadrnium and ura- 
nium in particular need to be closely monitored. 
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ALKEMIA is a database and application software package for the 
processing and management of data collected in environmental and geo- 
chemical projects. ALKEMIA is designed to be used by researchers for 
supervising projects and storing and retrieving geochemical assay data for 
statistical and graphical applications. 

ALKEMIA stores the data in well-normalized relational databases, using 
the flexible Rdb/VMS relational database management system. The sys- 
tem enables storage and management of field and assay data from a variety 
of sampling materials. At the Geological Suwey of Finland, we will be 
storing data of strearn sediments, lake sediments, till and lithogeochemi- 
cal materials. 

The information about projects includes general data such as schedules, 
investigation status, project management, definitions of target areas and 
notes about publications and produced maps. The sampling and analyti- 
cal status is continuously updated with information about external services 
ordered and sample preparations and chemical analyses completed. 

The user interface is a menu-driven interactive program, offering main 
options of maintenance, retrieval and data processing. The data can be 
checked on the screen, printed as reports or written into external files. For 
retrieval purposes the assay data is defined into categories of sampling area, 
sampling material and methods, sample preparation, methods of chemi- 
cal analysis and elements determined. The application software package 
includes programs for drawing symbol and color surface maps and an in- 
terface to a commercial general purpose statistical program package. 

Key words: geochemical surveys, data bases, ALKEMIA, Finland 

C. Ahlsved, E. Lampio and T. Tarvainen, Geological Survey of Finland, 
Betonimiehenkuja 4, 02150 Espoo, Finland 

INTRODUCTION 

The Geochemistry Department of the Geologi- created for each analytical method, target area, 
cal Survey of Finland (GSF) collects an average sarnpling method etc. Many trivial problems arose 
of 60 000 geochemical samples a year and each such as naming files logically, standardizing file 
sample is analyzed for over thirty elements. Until structures and maintaining file registers manual- 
the introduction of ALKEMIA the number of files ly. Retrieving data from the files required knowl- 
was steadily growing. New files were typically edge about the file itself and it was even difficult 
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to know which files belonged to a certain project. 
For the individual researcher it was impossible to 
retrieve data associated with a cornpleted project 
or pertaining to a particular geographical area. In 
fact, the data was directly avaiiable only to the pro- 
ject manager and a few computer experts. The map 
plotting programs were being used only by a few 
specialists, because the program parameters had 
to be separately adjusted to handle the differences 
in input files. These mounting problems had to be 
solved to avoid a chaotic situation in which ex- 
pensive data is stored but not accessible. 

During 1987 it was decided that a new database 
and program package should be designed. The 
task, carried out under the project name ALKE- 
MIA, was to create a system for storing analyti- 
cal and sampling data and administrative infor- 
mation about projects. Increasing the reliability 
of the data was to be of primary importance. Re- 
trieving data from research projects and querying 
sample and assay data from databases was to be 
simple enough for all employees to handle. 

WORKING METHODS IN THE GEOCHEMISTRY DEPARTMENT 

The main activity of the Geochemistry Depart- 
ment is geochemical investigation of the overbur- 
den. The investigations are classified into strate- 
gies according to investigation scale, sampling 
method and sampling material. Thus there are 
reconnaissance, regional, follow up and target or 
detailed investigations depending on the scale and 
sampling density. Sampling materials are till, 
stream sediments, lake sediments and heavy miner- 
als. For chemical analyses the rnaterials are pre- 
pared as described by Gustavsson et al. (1979). 
The data produced within a strategy are compara- 
ble and independent of geographical boundaries. 
Assay data include the results of chemical analyses 
and some physically measurable quantities (pH, 
weight, volume etc.). 

Ali investigations are carried out within a pro- 
ject framework. One project may coincide with 

one strategy, e.g., the reconnaissance mapping 
completed during 1985. Alternatively, many 
projects may be subsumed under a single strate- 
gy; thus the target investigations are parts of the 
same strategy, but the study of a single target is 
a project with its own strictly defined project ad- 
ministration. Ali projects are divided into stages, 
where one stage may be a scheduled period or a 
particular investigation method. 

The sampling depends on the investigation 
strategy. In reconnaissance and regional investi- 
gations the sampling material is till and the sites 
are uniformly distributed. In environmental, tar- 
get and follow-up projects various sampling 
materials are taken and the sites may form uni- 
form patterns, regular grids or straight lines. All 
projects produce administrative data in addition 
to scientific data. 

PUBLICATION OF GEOCHEMICAL DATA 

Maps generated in regional mapping programs target and follow-up investigations are reported 
are published with the permission of the director and archived. In normal practice, all data are then 
of GSF. The corresponding data are then fully labelled as public. However, if the interest of GSF 
available to all ALKEMIA users. Environmental, requires, they will not be released for public use. 

STRUCTURE OF THE ALKEMIA SYSTEM 

The ALKEMIA information system consists of grams and about 300 subroutines. The project in- 
databases and a database handling program pack- formation database includes data about project 
age (Fig. 1). There is one database for project in- objectives, schedules, investigation status, project 
formation and one assay database for each strate- management, target areas, sampling and analyti- 
gy. The program package consists of 12 main pro- cal status and publications and maps produced 
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Fig. 2. Structure of the project information database. 
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Fig. 3. Structure of the assay database. 

(Fig. 2). The assay databases include identifica- 
tion and location data pertaining to the samples, 
and element contents analyzed by the different 
methods (Fig. 3). Summary data of the assay data- 
bases are stored into the project information data- 
base. Such data are number of samples per map 
sheet and number of measured elements in a par- 
ticular pro ject stage. 

The databases are built up using the flexible 
Digital Rdb/VMS relational database management 
system. A number of constraints, provided by the 
Rdb system are defined to ensure the consistency 
of the databases, so that only formally correct data 
can be loaded. 
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THE PROGRAM PACKAGE 

The program package includes programs for trieval and data processing. 
database administration, for updating and query- The programs are written in FORTRAN-77. All 
ing project information and for loading and re- database handling routines are precompiled with 
trieving sample and assay data (Fig. 1). The end- the Rdbpre/Fortran precompiler. The interactive 
user interface is a menu-driven interactive prograrn programs use the TDMS form manager system. 
that offers the main options of maintenance, re- 

THE OPERATING ENVIRONMENT 

The Geological Survey of Finland has three 
regional offices: Otaniemi, Kuopio and Rovanie- 
mi. Each office has one or more VAX computers, 
which are connected in a DECnet computer net- 
work (Fig. 4). All ALKEMIA databases and pro- 
grams are located in the VAX 11/785 computer 
at Otaniemi. Users in Kuopio and Rovaniemi ac- 
cess the loading and updating programs over the 
network. The query program is executed at each 
of the regional offices and only the data is retrieved 
over the network from Otaniemi. 

Fig. 4. The operating environment of the ALKEMIA system. 
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- DATABASE 

ADMINISTR. 

UBORATORY 1 
MICROVAX II - LABORATORY 

INFORMATION 
MANAGEMENT 
SYSTEM 

USERS OF ALKEMIA 

The various user groups have different degrees ment use the project information updating pro- 
of access to the ALKEMIA system. The database gram and have the right to retrieve unpublished 
manager has all privileges and a few members of data. All GSF employees authorized as users of 
the staff are authorized to use the data loading pro- the computers are allowed to read project infor- 
gram. Researchers in the Geochemistry Depart- mation and retrieve published assay data. 

PROJECT INFORMATION 

Part of the general information about projects project management and definitions of target 
is data that never or seldom changes: schedules, areas. This data is usually stored into ALKEMIA 
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by researchers before the investigations begin. The analytical status is automatically updated, but all 
investigation status and the notes about the pub- other updating is supervixd or done by the re- 
lications and maps produced are continually searchers. All users can list the data on the scr$en 
changing information, which must be updated in or print reports using the menu-driven interactive 
pace with the progress of the project. Data about program provided by ALKEMIA. 

GENERAL SAMPLE INFORMATION 

Sampling is done according to a sampling plan 
drawn up by the project manager. The sampling 
sites are numbered according to a number series 
given in advance. Samples may be taken from 
different depths at the same site. Depths are mea- 
sured and recorded and the specially trained crew 
notes the nature of the sampling materia1 and the 
relevant features of the environment. 

The researchers themselves, or their assistants, 
update the summary information about the sam- 
pling in the regional offices. The updating is done 
using the ALKEMIA interactive updating pro- 
gram. 

Microcomputer programs, not belonging to the 
ALKEMIA program package, are used to store the 
sample identification numbers. The first number 

of a series is given to the program, which then 
generates the sequential numbers for assignment 
to samples. Soi1 and environmental data charac- 
terizing the samples are added to the identifica- 
tion numbers. Thus a field data file is formed. De- 
pending on the sampling pattern, the coordinates 
are digitized, or calculated using microcomputers. 
The coordinates are automatically added to the 
file. 

When complete, the file is sent on-line to one 
of the mainframe computers in Rovaniemi, Kuo- 
pio or Otaniemi. There the sample identification 
numbers are extracted into a separate file and 
copied over the network into the laboratory infor- 
mation management system (LIMS). 

STATUS OF PREPARATION AND ANALYSIS 

The production of laboratory data starts with sample preparation and analysis proceeds. Data 
an order for laboratory services. The orders are added include codes and descriptions of the 
given through an ALKEMIA end-user interface. methods, lists of elements determined and the 
Every order is unique and is stored into a buffer number of samples treated. The project database 
database located between ALKEMIA and LIMS. is automatically updated on the basis of the new 
LIMS accepts the order and updates it as the information in the buffer database. 

ANALYTICAL DATA 

For chernical analysis, the sarnple identification 
numbers stored into LIMS are copied over the 
local network into microcomputers and are up- 
dated with fraction codes, assay data and date of 
analysis as the work proceeds. Data like the frac- 
tion code are manually added because sample 
preparation is not an on-line procedure. When the 
service ordered is complete, LIMS writes the date 
of completion into the buffer database and the 

project database is updated. 
The assay data file is copied over the network 

into one of the mainframe computers, where it is 
combined with the field data. The total file is 
checked for formal errors and converted into 
ALKEMIA format and loaded into the ALKE- 
MIA databases. At this point the assay data is 
labelled as unpublished. 
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RETRIEVING ANALYTICAL DATA 

The menu-driven interactive query program is ject, elements and analytical method. The data re- 
used for listing project information and starting trieval batch program starts automatically and 
batch processes for assay data retrieval. For re- copies the requested data into user files. On re- 
trieving assay data the user defines the sample set quest the data is further copied into a system file 
and elements to be retrieved. The main search for use with the commercial statistical package 
criteria for sample and assay data are map sheet, SPSS-X and into a transfer file for the SPSS-PC 
area of a polygon, sampling strategy, research pro- version. 

MAP PRODUCTION 

An interface has been developed between the maps, (Björklund & Gustavsson, 1987). The in- 
standardized ALKEMIA user files and some ap- terface module interprets the ALKEMIA files and 
plication programs. These are interactive programs transfers the information to the application pro- 
for regional interpolation and for plotting sym- grams. Some steering parameters need to be ad- 
bol, colour surface and shaded colour surface justed if the default values result in absurd maps. 

ARCHIVES 

References to all archived, published and un- archives. All ALKEMIA users can list the refer- 
published maps are stored in the project database. ences on the screen and order copies of published 
The archivist maintains the map references and the maps. 

ASSESSMENT 

The ALKEMIA system has drastically improved ting programs are integrated into a single system, 
the availability and security of the data produced and are easily mastered by the end-users. ALKE- 
in the Geochemistry Department and reduced the MIA assists the smooth running of projects and 
routine work of computer professionals. The reli- improves the quality of the documentation. Four 
ability of the data is increased through checking man-years were used in designing, programming 
at the loading stage and constraints in the data- and testing the ALKEMIA system. 
bases. The data management and the map plot- 
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By instrumental neutron activation analysis (INAA), using different ir- 
radiation and cooling times, it's possible to analyze over 40 elements in 
environmental samples. For some elements the detection limit is below 
1 ppb and for some others some tens of ppm, being usually 0.1-1 ppm. 
The INAA is one of most reliable analytical method, because analysis is 
done directly from the sample; e.g. errors due to the impurities in chemi- 
cal reagents are avoided. At the Reactor Laboratory, INAA has been used 
in a wide scale for analyses of different environmental samples. During 
the years 1983-1988 about 40 000 geological samples for the geochemi- 
cal prospecting of metals have been analyzed, which means together about 
one million elemental determinations. 

Key words: chemical analysis, neutron activation analysis, applications, 
environrnental geology, geochemical methods, Finland 
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INTRODUCTION 

Neutron activation analysis (INAA) has been 
used for the analysis of a number of different en- 
vironmental sample types. In some cases the pur- 
pose of the work has been geological research or 
geochemical prospecting. In other cases the pur- 
pose has been environmental research. In most 
cases the results can be used for either purpose, 
the sample types are similar and the analytical tech- 
niques equal. The selection of analyzed elements 
might be different but both geochemists and en- 
vironmentalists have some interest in ail elements. 

The reasons for this are a need for an overall un- 
derstanding of the system under investigation and 
the fact that more and more elements prove to be 
of significance both in exploration and environ- 
mental control. 

This paper describes shortly the principles of 
NAA and a few case histories where NAA has been 
used in the Reactor Laboratory for the analysis 
of environmental samples either for environmen- 
ta1 or geochemical purposes. 
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THE PRINCIPLE AND THE ADVANTAGES OF NAA 

Most of the activation analyses are done in- 
strumentally. In some cases also the radiochemi- 
cal separation has been used. In instrumental neu- 
tron activation analysis (INAA), sarnples and Stan- 
dards are irradiated in reactor with thermal or 
epithermal neutrons and the induced gamma-ac- 
tivity is measured using a gamma spectrometer 
comprising a sample changer, Ge(Li) detector and 
multichannel analyzer. The spectrometers have 
been equipped with on-line microcomputers which 
compute the elemental concentrations of the Sam- 
ples immediately after the measurement has ended. 

INAA has several advantages compared to the 
conventional analytical methods 

- sensitivity is excellent for many trace ele- 
ments 

- simple sample preparation reduces the pos- 
sibility of contamination; e.g. errors due to 
the impurities in chemical reagents are 
avoided . 

NAA is especially suitable for survey type anal- 
ysis because more than 40 elements can normally 
be analyzed using 3-4 measurements (Rosenberg 
et al. 1983). In some cases 24 elements can be ana- 
lyzed using one measurement (Rosenberg et al. 
1982). The elements routinely analyzed can be seen 
in Fig. 1. Using chemical separations a number of 
other elements like the platinum metals can also 

- analysis is done directly from the sample be analyzed. 
- multielemental analysis is available by one 

measurement 

SOME CASE HISTORIES OF GEOCHEMICAL AND ENVIRONMENTAL STUDIES 

Ce 

Th 

During the last twenty years NAA has been used mental and geochemical research in CO-operation 
successfully at the Reactor Laboratory in environ- with other institutes. 

Fig. 1. The elements routinely analyzed by INAA a t  Reactor Laboratory. 

Nd 

U 

Sm Eu Gd Tb Dy Tm Yb Lu 
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The use of groundwater analysis in geochemical exploration 

The applicability of INAA to groundwater anal- 
ysis in geochemical exploration has been studied 
in Outokumpu copper ore area in eastern Finland 
(CO-operation with the Geological Survey of Fin- 
land) (Zilliacus et al., 1979). The water samples 
were acidified and stored in polytene bottles, the 
portions of 200 ml were freeze dried onto poly- 
etene foil, irradiated and their gamma spectra were 
measured three times after different cooling times. 
The analytical results of 25 elements in 167 ground- 
water samples are depicted in Table 1. 

Table 1. Element contents of groundwater samples in Outokumpu 
copper ore area in eastern Finland. 

Epithermal INAA of solid geological samples 

ELEMENT 

Al 
Sb 
Ba 
Br 
Eu 
K 
Ca 
Co 
Cr 
Cu 
La 
Lu 
Mg 
Mn 
Mo 
Na 
Ni 
Fe 
Rb 
Se 
Zn 
Sc 
Th 
U 
V 

A method for the determination of 24 elements one measurement has been developed (Rosenberg 
using one irradiation with epithermal neutrons and et al. 1982). The elements and corresponding de- 

0 5 10 15 20 25 
NaRbCsBaScLaTaCrMoW FeCoNiAgAuZnSnAsSbBrSmLuThU 

Fig. 2. Detection limits of epithermal INAA for environmental samples. 

n 

163 
69 
29 

123 
57 

122 
107 
147 
130 
112 
104 
11 

152 
142 

3 
164 
75 

152 
74 
72 

149 
90 
35 
45 

105 

Concentration 

Min 

8.1 
0.01 

18 
0.1 
0.01 

300 
200 

0.06 
0.07 
0.6 
0.1 
0.01 

500 
0.4 
1.0 

400 
2.5 
5.9 
1.0 
0.04 
0.64 
0.01 
0.01 
0.1 
0.07 

(ugll) 

Max 

1200 
3.8 

270 
123 

0.1 6 
85800 
55200 

59 
130 

1800 
31 
0.09 

31 200 
750 

3.2 
16200 

31 0 
21700 

150 
2.9 

7300 
0.35 
0.53 
2.1 
4.4 

Mediaoe 

74 
0.22 

44 
7.2 
0.02 

5800 
11 900 

0.57 
0.84 
9.3 
0.93 
0.02 

3500 
15 - 

3400 
16 

198 
8.2 
0.37 

85 
0.01 
0.05 
0.17 
0.3 
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tection limits have been presented in Fig. 2. In the analysis of about 40 OM) samples during the 
plant materia1 the detection limits are better with years 1983-1988 which means about one million 
a factor 1-5 depending in the element. The meth- elemental analysis results. 
od has been used at the Reactor Laboratory for 

INAA of fly ash and aerosol samples 

Investigations on elemental emissions in particle Th, Mg, Al, Ti, V,  Mn, C1, Br and 1, have been 
phase from power plants and incinerators and analyzed in oil, coal, peat, fly ash and in aerosol 
elemental concentrations in aerosol samples have samples (Hasanen et al. 1986, Hasanen et al. 1988). 
been carried out. Elements, in number from 11 to The average metal emissions from oil, coal and 
31, including As, Sb, Zn, Sn, Ag, W, Mo, Cr, Ni, peat fired power plants are presented in Fig. 3. 
Fe, Co, Na, Sc, Ba, Cs, Rb, Ca, Sm, Lu, Ta, U, 

Fig. 3. Metal emissions from peat, coal and oil fueled power plants, calculated per unit of fuel energy. 

Element composition of pine tree rings 

The element contents of pine tree rings were ana- 
lyzed in five areas differing in the level of sulfur 
deposition (CO-operation with Oulu University, 
Department of Botany) (Hasanen & Huttunen 
1989). In the analyses INAA (Al, Mn, Zn, K, Rb), 
atomic absorption spectrometry (Ca, Mg), plas- 
ma emission spectrometry (P, S, B, Mo) and Kjel- 
dahl method (N) have been used. The contents of 
Al, K and Rb were higher in tree rings from the 
1950's on, particularly in Southern Finland. These 
results indicate probably a connection with acid 
deposition. In Fig. 4 the Al:Ca ratio in the tree 

si PORVOO 1.8 g ~ / m 2  

4F TAIVALKOSKI 0.7 gS/m 

0- 
1930 '40 '50 '60 '70 '80 YEAR 

Fig. 4. AI:Ca ratio in pine tree rings in two areas in Finland dif- 
fering in the level of sulfur deposition. 
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rings in two areas differing in the level of sulfur the average value of ratio A1:Ca is used. 
deposition is presented. For the years 1920-1950 

Organically bound chlorine and bromine in water and sediment samples 

Methods for measuring total organic chlorine pling sites) and snow samples (45 sampling sites) 
AOC1, TOC1, and bromine (AOBr, TOBr) in wa- have been analyzed in CO-operation with the Na- 
ter, sediment and biological samples have been de- tional Board of Water and Environment (Manni- 
veloped (Hasanen & Manninen 1987, Manninen nen & Hasänen 1989). In Fig. 5 the AOC1 and 
& Hasanen 1988). NAA is especially suitable for AOBr concentrations in watercourses in natural 
analyzing these sum parameters because it is sen- condition and loaded by forest industry are de- 
sitive and element selective. During last years wa- picted. 
ter samples from different water courses (37 sam- 

ugll WATERS LOADED BY FOREST INDUSTRY 

400 A ugll 
1 

NATURAL WATERS 

Fig. 5. AOC1 and AOBr concentrations in polluted and unpolluted watercourses in Finland. 
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A comprehensive model system is being developed for the assessment 

of the importance of factors related to acidification and for the assess- 
ment of various emission abatement policies. The model system incor- 
porates time-dependent simulations of forest soil acidification processes 
where the dynamic nature of ecosystems is considered. The processes in- 
corporated in the model include acidifying deposition due to SO,, NO, 
and NH, emissions, base cation deposition, production of base cations 
by the weathering of soil minerals, net uptake of base cations by trees, 
throughflow of sulfate ions and dissolution of aluminum. The existing 
buffer capacity and its depletion can be assumed to have an effect on the 
ecological impacts of acidic deposition. The results from the pilot phase 
of the soil acidification model using various sulfur emission control 
scenarios are presented. 

Key words: environmental geology, forests, soils, acidification, models, 
sulfur, Finland 

Matti Johansson and Ilkka Savolainen, Technical Research Centre of Fin- 
land, 02150 Espoo, Finland. 

INTRODUCTION 

Forest soil acidification is considered here as a 
function of possible future energy use and emis- 
sion reductions. The preliminary results obtained 
with the Finnish Acidification Assessment Model 
(HAKOMA) have been employed in the study. The 
objective model has been designed for the assess- 
ment of emission abatement policies and the im- 
portance of different factors related to acidifica- 
tion. HAKOMA consists of modules for energy 
use, emissions, emission abatement costs, at- 
mospheric dispersion, transformation and depo- 
sition, and impacts on forest soils and lakes. The 
comprehensive model is in its pilot phase, and 
those models already operable are being further 
developed. More data are being coilected especially 
for the impact models (Johansson et al. Johans- 

son & Savolainen 1990a). 
The work is part of the Finnish Research Pro- 

ject on Acidification (HAPRO). The model is be- 
ing developed in CO-operation with IIASA and 
several institutes in Finland-the Finnish Meteoro- 
logical Institute, National Board of Waters and 
Environment, Helsinki University, Finnish Forest 
Research Institute, and Geological Survey of Fin- 
land. In this paper we present the soi1 module and 
preliminary results. The main input pararneters to 
the soil module are acidifying deposition, base ca- 
tion deposition, supply of base cations by mineral 
weathering and net uptake of these by trees. Other 
processes considered are aluminum dissolution and 
throughflow of sulfate anions. 
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EMISSIONS AND DEPOSITION 

- 
be computed for different assumptions concern- 
ing future energy use, traffic and agriculture. The 
energy model for Finland considers nine fuels and 
five energy use sectors. Sulphur emissions from 
industrial processes have also been considered. The 
basic energy use and traffic scenarios in Finland 
are based on the prognoses of the national authori- 
ties (e.g. Ministry of Trade and Industry 1988). 
Sulfur emission control measures studied in this 
paper include three alternatives: no controls, cur- 

With the employment of the emission module m0 

of the HAKOMA system, the emissions of ml- 
phur, nitrogen oxides and arnmonia in Finland can 

rent reduction plans, and the use of the best avail- 
1 

1960 1880 2000 20M 2040 

able control technology (Fig* Additional 
Fig. 1. Effects of different emission reduction masura  on Uie to- 

scenarios have already been considered for other tai suifur emissions in Finland. The reference enerav use scenario 

1 reierence ocenarlo, no contrds 
2 reierme ~ ~ m a r l o ,  unent reductlon plans 
3 reference sxmio, 88ki cfiW 

-- 
applications (Savolainen & Tähtinen 1990). is given by KTM (1988). 

The depositions due to the Finnish sulfur emis- 
sions are computed with mesoscale dispersion 
models which include three different emission 
heights and descriptions of atmospheric transfor- (Alcamo et al. 1987) and the source-receptor 
mation of S02 (Johansson et al. 1990a). The long- matrices obtained from the EMEP models of the 
range transport from other European countries to CO-operative Programme for Monitoring and 
Finland is calculated employing the emission Evaluation of the Long-range Transmission of Air 
scenarios of IIASA presented in RAINS model Pollutants in Europe (Nordlund & Tuovinen 1988). 

FOREST SOIL ACIDIFICATION MODEL 

The objective of the soil modelling is to illus- 
trate the temporal and geographical patterns of 
forest soil acidification in Finland in various depo- 
sition scenarios. A soil acidification model has 
been adapted for the model system to estimate 
long-term chemical changes in soil and soil solu- 
tion in response to changes in atmospheric depo- 
sition. Apart from net uptake and net immobili- 
zation of nitrogen, the processes accounted for are 
restricted to geochemical interactions, including 
weathering of carbonates, silicates and aluminum 
oxides and hydroxides, cation exchange and CO, 
equilibriums (de Vries et al. 1989). 

By incorporating the charge balance principle, 
the model structure is based on the anion mobili- 
ty concept. State variables depict the quantities of 
chemical constituents in minerals (carbonates, sili- 
cates, aluminium oxides and hydroxides) and in 
exchange complexes, as well as the ion concentra- 
tions in the soil solution. Rate variables depict the 
processes that influence state variables. This in- 
cludes the net input of elements (deposition mi- 
nus net uptake and net immobilization) and wa- 

ter (precipitation minus interception and minus 
evapotranspiration) and various neutralizing reac- 
tions (de Vries et al. 1989). 

Most soils in Finland have a base saturation ex- 
ceeding 5 % and thus buffer primarily through ca- 
tion exchange. The soils shift to the aluminum 
buffer range at low base saturation values. After 
the depletion of exchangeable base cations, alu- 
minum remobilization becomes primarily respon- 
sible for acid neutralization. By then, base cation 
nutrients have become scarce and the vitality of 
forests is affected. 

The importance of nitrogen oxide and ammo- 
nia deposition was tentatively exarnined in one 
square element for rich forest soil using represen- . 
tative ion fluxes. First, only deposition of sulfur 
compounds was used as the main acidifying com- 
ponent. Base saturation and molar Al/base cation 
ratio in soil solution were chosen as indicator vari- 
ables. Then, deposition values for NO, and NH, 
were estimated from EMEP model predictions. 
These were applied in the two cases of total and 
null nitrification represented by factors 1 and 0, 
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Fig. 2. Test run results as A) base saturation and B) AI/BC molar ratio in soi1 solution of one square element for rich minerai soil. The 
depositions used were: 1) sulfur, 2) sulfur, nitrogen oxides and ammonia with totai nitrification, and 3) same as 2 but with nuii nitrification. 

respectively. Furthermore, net accumulation of NH, depositions with total nitrification were in- 
nitrogen in tree growth was taken into account and cluded. At present, nitrification is not considered 
assumed to be twice the base cation net accumu- to be important in most Finnish forest soils. On 
lation in ion equivalents. The results are presented the basis of these test runs, NOx and NHy depo- 
in Fig. 2. After about 50 years of the simulation, sitions seem not to be important and they have 
the decreasing base saturation values did not dif- been excluded from the regional application of the 
fer significantly from each other. The Al/base ca- soil acidification estimates of this article. 
tion ratio was somewhat higher when NO, and 

REGIONAL INPUT DATA 

The sulfur deposition is the main driving vari- 
able for the present version of the model. It is 
necessary to project sulfur emissions for Finland 
and Europe until the year 2040 , because soil 
acidification is a slow process. The current reduc- 
tion plans scenario is considered as the reference 
case. Sulfur deposition due to both Finnish and 
total European emissions in the year 2000 is 
presented in Fig. 3. The regional input data have 
been described in detail by Johansson & Savolai- 
nen (1990). 

The filtering factor describes the effectiveness 
of the forest to increase dry deposition. The fac- 
tor is assumed to be two, which means that forests 
gather twice as much deposition as an Open area. 

The geographical distribution estimate for the 
base cation deposition is based on bulk deposition 
measurements conducted in 1972-198 1 at 38 sta- 
tions around Finland (Järvinen 1986). A consider- 
able fraction of the measured base cation deposi- 
tion is likely due to internal circulation in the eco- 
system. Pending in-depth studies, here an estimate 
of only 30 % of the measured values of Järvinen 

is assumed to be external input to the system (Jo- 
hansson et al. 1990b). The resulting corrected ef- 
fective base cation deposition distribution is shown 
in Fig. 4. The deposition values are kept constant 
in time. 

The relative regional distribution of mineral 
weathering rate values is adapted from RAINS. 
The geological map of Europe (UNESCO 1972) 
has been used to determine the bedrock materia1 
in each grid square. Depending on the dominant 
bedrock, the soil of each square was classified into 
one of four predetermined weathering rate cate- 
gories. In Finland there are seven major bedrock 
types, all belonging to the three lowermost 
weathering rate categories. They are assigned to 
the different categories mainly according to their 
classification as acid, acid to intermediate and 
basic rocks, as interpreted from the map legend. 
Granites are assigned to the lowest category. The 
absolute values were scaled with the help of Swed- 
ish ion budget studies in various catchments (Sver- 
drup & Warfvinge 1988) and the Finnish catch- 
ment wide testings of the lake model against the 
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Fig. 3. Sulfur deposition in the year 2000 due to emissions A) from Finland only and B) from Finland and other countries using the rcfer- 
ence energy use scenario. 

Fig. 4. The effective base cation deposition in Finland (original measurements from 38 stations, 1972-81 average). 
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Fig. 5. Weathering rate map based on bedrock types. 

diatom analysis of lake sediments (Kamari et al. 
1991). Figure 5 gives the distribution of the used 
base cation inputs due to mineral weathering. 

Trees remove base cations from soil, accumu- 
lating them in stem, bark, branches and needles. 
In normal harvesting, cations in stem and bark are 
removed from the forest and thus from the eco- 
system. The model assumes that all forest land is 
in production and that the base cation accumula- 
tion in the average tree stem and bark growth was 
estimated as a function of forest site type and lati- 
tude. Forest growth depends on the fertility of the 
site. For example, when the base cation content 
in rich mineral soil diminishes, the net accumula- 
tion rate is assumed to slow down linearly towards 
the value of poor mineral soils. Even more so, 
growth depends on the effective temperature sum 
(Vuokila 1987), which varies regularly with the lati- 
tude. 

Input data for determining the base cation con- 
tent in different soil types has been provided by 
the Finnish Forest Research Institute. From an in- 
tensive survey covering southern Finland there 
were 65 samples with relevant measurement results 
available (Tamminen & Starr, 1990). The results 

suggest that a forest site type satisfactorily de- 
scribes the base cation content in soil. Less fer- 
tile forest site types dominate in the north of Fin- 
land and the overall base cation content is also 
lowest there. Because mineral soil is more sensi- 
tive to acidification than peat land, a simple way 
to describe peat soil was selected with only a mar- 
ginal effect on the final results. The exchangea- 
ble base cation values representing peat soils were 
derived from the results of the survey by West- 
man (1981). 

The geographical distribution of the exchange- 
able base cation content and total cation exchange 
capacity in soil is estimated on the basis of forest 
site type distribution. The distribution was derived 
from results of the Seventh National Forest Sur- 
vey (conducted in 1977-1984) information pro- 
vided by the Finnish Forest Research Institute. The 
relative proportions of different forest site types 
are assumed to remain constant in time and space 
in Finland. 

The original RAINS values were used to esti- 
mate the geographical distribution of the net 
precipitation. 

REGIONAL SIMULATION RESULTS 

Three exchangeable base cation classes for the tensive survey. The selection was based on the 
test runs were selected from the results of the in- characteristics of poor and rich forest site types 
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RELAT IVE 
DEGREE 
OF SOIL 
RCIDIFILATION 

Fig. 6. Results of three test simulations showing the relative W e e  of soil acidification in t b  year 2040 in Finland. The emissions from 
both Finland and other countries correspond to A) no controls, B) the current reductisn plans, and C) strict criteria. For Finland the refer- 
ence energy use scenario was asswned. 

for mineral soils. Peat land was considered as one 
class. 

The soil layer thickness considered by the model 
is 50 cm including humus, which is the norrnal tree 
rooting zone. For peat land the depth of 20 cm 
is assumed. The calculations are made in squares 
of about 14 km2, which is also the grid density for 
all input data. The simulations start in 1987, when 
the soil data were gathered, and continue until2040 
with a time step of one year. 

The preliminary results from three different 
combinations of the Finnish and European sulfur 
emission scenarios have been compared. The maps 
of affected areas with three different sulfur emis- 
sion reduction strategies are shown in Fig. 6. The 
results are displayed as a relative degree of soil 
acidification since the absolute status is difficult 

to validate. These distributions could be employed 
in the planning of countermeasures to prevent 
acidification. Also, the percentage of forest soils 
falling under base saturation of 5 % can be used 
as a criterion. This base saturation value cor- 
responds to a soil solution pH value of about 4.2, 
an acidity value implying an increased risk of forest 
darnage. 

Soi1 chemistry data from southern Sweden have 
recently been used to test the soil acidification 
model used in HAKOMA (Posch et al., in 1989). 
Results of validation studies show that the change 
in the amount of exchangeable base cations is 
predicted fairly well and the changes in soil pH 
reasonably well, too. However, this model has 
been designed to generate large regional overviews 
rather than acidification histories for specific sites. 

CONCLUSIONS 

The model system can be used to study the ef- ious phases of processes leading to acidification: 
fectiveness of emission reduction strategies in var- energy use, emissions, deposition, and finally im- 
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pacts on lakes and forest soils. However, the data of many parameters most of them are not well 
bases used in the soil model are relatively small known. The weathering rate needs to be refined 
and should be extended so that the variability of and the base cation deposition to be further ana- 
soils can be described more reliably. lyzed. Geochemical information could be used in 

The relative importance of the different factors estimation of the base cation reserve and the re- 
has been preliminarily estimated. The results of lease of new base cations in different soils. 
the calculation seem to be sensitive to the choice 
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Soil solution sampling is a difficult procedure. Here, a centrifugation 
method was applied to the extraction of soil solution from fresh forest 
soil samples. The extraction unit consisted of a sample holder and a solu- 
tion collection cup (modified centrifuge tubes), which were placed into a 
third centrifuge tube. Soil volume in the sample holder was about 40 ml, 
centrifugation speed was 6000 rpm and time was 1 hr. Because the solu- 
tion sample volume was small (less than 10 ml), a procedure was estab- 
lished to determine the pH and the concentrations of K, Ca, Mg and Al 
by flame atomic absorption spectrophotometry (AAS) in 4-ml portions. 

When cation concentrations in soil solution are determined directly by 
AAS or any other techniques, however, the cations complexed with solu- 
ble organic compounds are included in the measurements. In cation ex- 
change and solubility calculations the concentrations of "free and active" 
cations are needed as well, and the fractioning of Al into inorganic and 
organic species is important when the toxicity of soil water is to be evalu- 
ated. To enable these partial determinations, solution samples (5 ml) were 
first treated in centrifuge tubes with chelating resin (Chelex 100) saturated 
with H+ and Na+, and then centrifuged at 2000 rpm for 5 minutes. 4-ml 
portions were then analyzed by AAS for Ca, Mg and Al. 

Key words: chemical analysis, soils, solutions, leaching, chemical compo- 
sition, pH, southern Finland 

Ari Nkinen, Department of Silviculture, University of Helsinki, SF-00170 
Helsinki, Finland. 

INTRODUCTION 

Soil samples are commonly leached with one of 
several standard solvents for the study of soil fer- 
tility, acidification and contamination. The com- 
position of the soil solution would in many cases 
be very informative, if there was a practical meth- 
od to extract water from soil. Reynolds (1984) has 
presented a promising method in which fresh soil 
samples are centrifuged in, a simple apparatus con- 
structed of centrifuge tubes. A modification of this 
method is presented here. 

Atomic absorption spectrophotometry (AAS) 
has been used as common method for the deter- 
mination of element concentrations in soil extracts 
and solutions. It is also of interest that the com- 
plex formation of certain elements with organic 
compounds may affect their toxicity: e.g. solution 
Al complexed by organic compounds has been 
found to be less toxic to plants (Bartlett & Riego 
1972, Hue et al. 1986) and fishes (Driscoll et al. 
1980) than AP+. Ponizovsky et al. (1985) and 
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Manley et al. (1987) have concluded, that the con- et al. (1983) have presented a method in which 
centration of complexed cations such as Al, Fe, chelating resin is used for fractioning of the total 
Mn, Ca, Mg may represent a significant propor- Al concentration into readily exchangeable and 
tion of the total concentration of these elements nonexchangeable forms, and a modification of this 
in soil solution, and Nilsson and Bergkvist (1983) method was used in our experiment to fractionate 
even found that 83-97 % of Al was organically Ca and Mg as well. 
bound in A-horizons of three podsols. Campbell 

MATERIALS AND METHODS 

Samples were taken from eight sites. Fields J1, 
52 and 53 are situated in Juupajoki near the Hyy- 
tiala Forest Research Station of the University of 
Helsinki. Pinus sylvestris is the dominating tree, 
soil texture is seen in Table 1. Fields T1, T2 and 
T3 are situated in Vihti in the Teeressuonoja drain- 
age basin, which belongs to the hydrologic obser- 
vation network of the National Board of Waters 
and the Environment (Mustonen 1965). T1 is in 
a thick spruce (Picea abies) forest, T2 has been 
clear cut and T3 is in a forest consisting mainly 
of spruce. Soil sample V1 was taken beneath a 
birch forest at Viikki, in Helsinki, from the humus 
layer and the mineral soil 5 cm below the humus; 
total thickness of the sampled soil layer was about 
10 cm. Soil sample V2 was taken in the same way 
from a spruce forest at Helsinki, Viikki. 

There was a distinct E-layer in fields J1, 52, 53 
and T2, with thickness 6, 7, 4 and 3 cm, respec- 
tively. No eluvial layer was seen in fields T1, T3, 
V1 and V2, nor was there any clear boundary be- 
tween the 0-layer and mineral soil. The abbrevi- 
ations for soil layers are: humus layer 0,O-5 cm 
E or Al ,  5-10 cm E2 (rest of E) or B1 or A2, 
10-15 cm B2 or A3, 25-30 cm B3 or A4. Hu- 
mus layer thickness was 9, 4, 3, 2, 4 and 12 cm 
for fields J 1, 52, 53, T 1, T2 and T3, respectively . 

The unit for extracting soil solutions by centrifu- 
gation method consisted of a sample holder and 
a solution collection cup (modified centrifuge 
tubes), which were placed into a third centrifuge 
tube. Soil volume in the sample holder was about 
40 ml, centrifugation speed was 6000 rpm and time 
was 1 hr. This corresponded to 3810 g (centrifuge 
Hettich Rotixa 7000). The sample holder was a 
48-ml centrifuge tube (length 100 mm and outer 
diameter 30 mm), which was cut to a length of 75 
mm. A 1.5-mm hole was melted or drilled in the 
base of the tube. A disk of Whatman 42 was placed 
inside the sample holder and moistened with 0.1 
ml of distilled water in order to fix it in place. The 
solution collection cup was made from a 48-ml 
tube cut to a length of 25 mm. The outer tube was 
a 75-ml centrifuge tube, with length 100 mm and 

outer diameter 35 mm. As Reynolds has noted, 
the modifications are easily executed with a fine- 
bladed saw, sharp knife and emery paper. 

Field moist soil was packed into the sample 
holder, and the sample holder was weighed. Time 
was saved by packing the same amount of soil into 
the two opposite sample holders, so that no wa- 
ter tubes had to be used. The centrifuge speed 6000 
rpm (3810 g) was much less than the 10000 rpm 
(10 100 g) used by Reynolds (1984). However, Rey- 
nolds used smaller tubes (sample holders were 
made from 25-ml tubes) and smaller amounts of 
soil (10 g). 10000 rpm broke the tubes in our ex- 
periment. Even though there was a loss in rela- 
tive yield (%) with the lower speed, the solution 
sample was larger because of the greater amount 
of soil. 

After the centrifugation the soil tubes were re- 
weighed, and the yield of water was calculated 
from the loss in soil weight. The total water con- 
tent of fresh soil samples was determined in three 
subsamples by standard method (2 h, 105 C). 

Because the solution sample volume was small 
(less than 10 ml), a procedure was established to 
determine the pH and the concentrations of K, Ca, 
Mg and Al in 4-ml subsamples. The special promt- 
program for the Varian AAS instrument, requiring 
very small solution amount, was used in the de- 
termination of K, Ca and Mg. First K was mea- 
sured and then pH. After this, 1 ml was taken for 
the Ca and Mg-analysis. Al was measured in the 
remaining solution. 

In addition to the soil solutions (Cf solutions) 
extracted by centrifugation method, the follow- 

Table 1. The particle size distribution of the soil samples. 

Soi1 > 2  mm 0.06-2 mm ~0.06 mm Soi1 type 
sample Vo @Io "7.0 

J1 B2 2 8 1 17 fine sand 
52 B2 3 8 1 16 sand 
53 B2 20 73 7 sand 
T1 A4 4 92 4 fine sand 
T2 B2 10 83 7 sandy till 
T3 A4 - 36 64 clay 
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Table 2. The water yield in centrifugation. The water content of the fresh soil sample is given as g water/g 
fresh soil. The amount of fresh soi1 in the sample holder (g) and the number of centrifugations (n) are re- 
ported. The mean amount of water centrifuged is presented in grams, as g water/g fresh soil, and as yield 
relative to the total water content (%). 

Sample: Water Amount of Water Water centri- Yield 
Layer, date content soi1 centri- centr. fuged g/g soi1 Vo 
and field g/g soi1 fuged & (n) g & (S.D.) 

O-layers: 
880809 J1 0.790 19.3 (2) 5.6 0.288 (0.016) 36 
890509 J1 0.705 32.5 (4) 9.6 0.297 (0.006) 42 
880809 52 0.716 17.4 (2) 4.2 0.240 (0.002) 34 
880809 53 0.720 19.7 (2) 4.8 0.244 (0.013) 34 
890918 T1 0.514 29.7 (4) 3.9 0.132 (0.001) 26 
890627 T2 0.255 20.8 (4) 0 0 0 
890822 T3 0.779 33.3 (2) 6.2 0.186 (0.002) 24 
B2 and A4 
layers 
880517 J1 0.284 55.3 (2) 8.5 0.154 (0.006) 54 
890509 J1 0.320 54.4 (4) 8.1 0.151 (0.001) 47 
880517 52 0.114 45.6 (2) 1.9 0.042 (0) 37 
880809 52 0.148 56.4 (1) 2.5 0.044 30 
880517 53 0.130 54.6 (2) 3.2 0.058 (0) 45 
880809 53 0.105 56.6 (1) 2.3 0.040 38 
890918 Tl  0.042 53.0 (2) 0 0 0 
890627 T2 0.059 50.0 (1) 0 0 0 
890822 T3 0.214 67.7 (2) 5.0 0.074 (0) 35 

ing solutions (see Table 3) were prepared for the 
resin chelating experiment. Ac solutions were 
leachates of fresh soil samples (20 ml) equilibrated 
with acid solution (50 ml, ph 3.7) in a shaker for 
1 h. Ac2 solutions were leachates of fresh soil 
samples (200 ml) equilibrated with acid solution 
(200 ml, pH 3.7) for five days in a dark place. The 
filter was Whatman 42. 

A method presented by Campbell et al. (1983) 
involving the use of chelating resin was modified 
for the fractionation of Al, Ca and Mg. Ideally, 
the resin should retain all free Al, Ca and Mg ca- 
tions in the solution while not changing the pH 
of the solution too much. Chelating resin (Chelex 
100, 200-400 mesh) saturated with H +  and Na+ 
was prepared in three different ways: Resin 1 was 
treated with sequential batches of 0.01 N and 0.001 
N HCl and with solutions having Na+ concentra- 
tions 100 mg/l and 10 mg/l, until it was in equi- 
librium with a solution having H+ and Na+ con- 
centrations of 50x 10-6 mol (pH 4.3) and 
50x 10d mo1 (1.15 mg/l), respectively. Resin 2 
was treated sirnilarily until it was in equilibrium 
with a solution having pH 4.3 and Na+ concen- 

tration of 250 x 10" mol, and for resin 3 the 
equilibrium solution had pH 4.3 and Na+ con- 
centration 500 x 104 mol. Millipore vacuum 
filtering units (250 ml) were used for preparing and 
storing of the resin. 

The dry weight of the resin was determined (2 h, 
105°C). Since the moisture content in the resin was 
about 75-80 %, the resin had a diluting effect, 
which was taken into account. In view of Hodges' 
(1987) conclusion, that 0.5 h might be too short 
time for the resin to retain all exchangeable Al 
from solution, the total contact time was length- 
ened to 1 h. Solution samples (5 ml) were treated 
with resin (0.02-0.1 g) in 10-ml centrifuge tubes 
for 45 minutes, tubes were centrifuged with 2000 
rpm for 5 minutes, and 4-ml portions were taken 
for analysis (Ca, Mg, Al). Hodges wet sieved the 
resin in order to remove those small-size fractions, 
that float even after the centrifugation; here the 
floating resin was avoided simply by taking the so- 
lution sample with a Finnpipette from beneath the 
surface of the solution. No error in the AAS mea- 
surements due to resin was detected when this was 
done carefully . 

RESULTS AND DISCUSSION 

The centrifugation method performs well in soil kind of soil water the centrifuged solution 
water sampling, though the small amount of the represents - i.e. how the chemical composition 
solution may cause trouble in element measure- of the centrifuged soil water and the soil water 
ments. Further studies are needed to ascertain what from various lysimeters correspond to each other, 
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0 1 I 1 1 1 ' 2.5 
0 0.02 0.04 0.06 0.08 0.1 0.12 

Resin dry weight g / 5 ml solution 
- [Ali Resln 1 0 [Ali Resln 2 -Et- IAll Resin 3 

' pH Resln 1 0 pH Resln 2 0 pH Resin 3 

0.02 0.04 0.06 0.08 
Resin dry weight g / 5 ml solution 

- [Al] Resln 1 0 IAll Resln 2 -"- IAll Resln 3 

' pH Realn 1 pH Resin 2 pH Resin 3 

Fi. 1. The effect of resin amount and the H+/Na+ ratio on the amount of nonexchangeable Al. Treated 
solutions were a) Ac2V1 and b) Ac2V2. 

and how the centrifuge speed affects the solution 
composition. 

Detectable amounts of complexed K, Mg and 
Ca were not present in the studied solutions, even 
if the resin retained only a part of the free K in 
solutions. In most solutions the greatest amount 
of resin (0.1 g/ 5 ml) was sufficient to retain all 
free Mg and Ca-however, if the total cation con- 
centration was as high as in solutions Ac2Vl and 
Ac2V2 (see Table 3), it was insufficient. Because 
greater amounts of resin do not allow a clear so- 
lution sample to be taken, the amounts of cations 

trapped by the resin had to be compared with the 
amounts of cations trapped in standard solutions 
(which had similar element concentrations than the 
soi1 solutions). However, this was so labourius a 
procedure, that it cannot be used in routine mea- 
surements. Although it is possible to dilute the so- 
lution, it can not be recommended because it af- 
fects the pH of the solution and it may also affect 
the amount of metal cations bound to organic 
complexes. 

For Al fractioning the resin amounts 0.08 and 
0.1 g were sufficient (Fig. 1). In many cases a nota- 
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Table 3. The concentrations of Al, Al,, K ,  Ca and Mg in solutions, and the effect of resins 1,  2 and 3 on solution 
PH. 

- -  

Solution (date, 
solution, sample 
and soi1 layer) 

-- - -  - 

PH pH of solution treated Concentration 
with resin mg/l 

1 2 3 Al Al, K Ca Me 

890509 CfJ 1-0 
E 
B 1 
B2 
B3 

890918 cm 1 - 0  
890822 CfT3-0 

A l  
A2 
A3 
A4 

Ac solution 
89071 1 AcJ3-0 

E 
B 1 
B2 
B3 

890918 AcT1-0 

ble part of the Al was not trapped by the resin (Ta- 
ble 3), and it was assumed that this mainly 
represented Al complexed by organic compounds. 
The pH of the equilibrium solution affected the 
amount of organic Al compounds to some degree 
(Fig. 1): the lower the H+ concentration in solu- 
tion, the higher the concentration of organic Al 
compounds. This means, that different resins 
should be prepared and used for solutions having 
different compositions. If the equivalent ratio 
(metal cations/H+) is low in solution, then also 
the ratio Na+/H+ in resin should be low (in our 
experiment resin 1). For solutions with high ratio 
(metal cations/H+) in solution, the ratio Na+/ 
H +  resin should be high: in our experiment the 
ratio in resin 3 was not high enough, even if the 
equilibrium solution for resin 3 had ratio Na+/ 
H+ = 100, compared to the ratio Na+ /H+ = 1 in 
resin 1. 

The formation of organic complexing com- 

pounds and their functioning in removing solution 
cations from "active" to inactive phase are 
processes closely linked with weathering reactions 
and cation mobility in soils. Deposition of inor- 
ganic acids may affect these processes by chang- 
ing the reactivity of organic compounds in soil. 
McColl and Pohlman (1986) found that chelating 
acids were about 10 times as effective in remov- 
ing Al from soil as were mineral acids, and they 
insisted that more attention should be paid to the 
effect of organic acids on the effects of acid depo- 
sition on soil. According to Buurman (1985) and 
also this study, the ability of complexing agents 
to bind cations increases with the pH of soil solu- 
tion. In that acid deposition tends to cause a sig- 
nificant increase in soil solution H+ concentra- 
tion and in this way diminish the complexing abil- 
ity of organic compounds, it also tends to decrease 
weathering and increase the concentration of in- 
organic Al in soil solution. 



Geological Survey of Finland, Special Paper 9 
Ari Nissinen 

REFERENCES 

Bartlett, R.J. & Riego, D.L., 1972. Effect of chelation on 
the toxicity of aluminium. Plant and Soil 37, 419-423. 

Buunnan, P., 1985. Carbon/sesquioxide ratio in organic com- 
plexes and the transition albic-spodic horizon. Journal of 
Soil Science 36, 255-260. 

Campbell, P.G.C., Bisson, M., Bougie, R., Tessier, A. & 
Villeneuve, J., 1983. Speciation of aluminium in acidic 
freshwaters. Anal. Chem. 55, 2246-2252. 

Driscoll, C.T., Van Breemen, N. & Mulder, J., 1985. Alu- 
minium chemistry in a forested spodosol. Soil Sci. Soc. 
Am. J. 49, 437-444. 

Hodges, S., 1987. Aluminium speciation: a comparision of 
five methods. Soil Sci. Soc. Am. J. 51, 57-64. 

Hue, N.V., Craddock, G.R. & Adams, F., 1986. Effects of 
organic acids on aluminium toxicity in subsoils. Soil Sci. 
Soc. Am. J. 50, 28-34. 

Manley, E.P., Chesworth, W. &Evans, L.J., 1987. The solu- 
tion chemistry of podzolic soils from the eastern Canadi- 
an shield: a thermodynamic interpretation of the mineral 

phases controlling soluble Al,+ and H4Si04. Journal of 
Soil Science 38, 39-5 1. 

McColl, J.G. & Pohlman, A.A., 1986. Soluble organic acids 
and their chelating influence on Al and other metal disso- 
lution from forest soils. Water, Air and Soil Pollution 31, 
917-927. 

Mustonen, S.E., 1965. Hydrologic investigations by the Board 
of Agriculture during the years 1957 to 1964. Soil and 
hydrotechnical investigations 11. Helsinki. SIVUT? 

Nilsson, S.I. & Bergkvist, B., 1983. Aluminium chemistry and 
acidification processes in a shallow podzol on the Swed- 
ish westcoast. Water, Air and Soil Pollution 20,311-329. 

Ponizovsky, A.A., Mironenko, E.V. & Pachepsky, Y.A., 
1985. Calculations of ion activities in soil solutions from 
humic horizons. Geoderma 36, 37-44. 

Reynolds, B., 1984. A simple method for the extraction of 
soil solution by high speed centrifugation. Plant and Soil 
78, 437-440. 



Environmental geochemistry in northern Europe, 
Edited by Eelis Pulkkinen. 
Geological Survey of Finland, Special Paper 9. 317-321, 1991. 

EFFECTS OF ACID RAIN AND HARSH CLIMATE 
ON BUILDING STONES 

by 
Markku Rask, Raimo Uusinoka and Risto Vartiainen 

Rask, Markku, Uusinoka, Raimo & Vartiainen, Risto 1991. Effects of acid 
rain and harsh climate on buiiding stones. Geological Survey of Finland, 
Special Paper 9, 317-321, 2 figures and one table. 

Weathering properties of rocks of different mineralogical composition 
(mainly carbonates and silicates) are compared in regard to their suitabili- 
ty for building stones, i.e. veneering slabs on outer walls. Properties of 
marbles such as high solubility to acid (rain) water, cracking, dilation, and 
warping (the last phenomenon obsewed among pre-stressed marbles) often 
rule out the use of these rocks for outer wails and Open air monuments 
in areas suffering from acid rain and/or high relative humidity. The mar- 
ble cladding the walls of Finlandia Hall in Helsinki provides a typical ex- 
ample of warping panels. Silicate rocks (granites, gabbros, anorthosites 
etc.) are more resistant against both mechanical disintegration and chem- 
ical decomposition and the use of these rocks, even as thin panels, is safer 
than that of metamorphosed crystalline marbles. The resistance of rocks 
(marbles, granites etc.) also depends on their pore size distribution. In many 
buildings the decay of marbles has required costly restoration measures 
including treatment by impregnation and even replacement of the marble 
by more resistant silicate- bearing rocks. 

Key words: environmental geology, building stone, marbles, silicate rocks, 
weathering, acid rain, porosity, Finland 
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INTRODUCTION 

Weathering processes affect the stone used in 
buildings and monuments just as effectively as the 
rocky surface of any outcrop. Rate and intensity 
of weathering of building stone mainly depend on 
1) the climate prevailing in the area, 2) the type 
of rock and its structural and textural features, 3) 
the techniques used in quarrying and finishing the 
dimension stone and 4) the pH value of the dis- 
solving agent . 

Although restoration procedures like the 
replacement of stone blocks and treatment of stone 
surfaces with waxes and linseed oil have been 

recorded since the Middle Ages (Winkler 1987), 
the rate of decay of building stone, especially mar- 
ble, has greatly accelerated during this century. 
This is mostly attributed to air pollutants, espe- 
cially acid rain. Causes other than air impurities 
exist as well, however. Thin slabs of pre-stressed 
marbles are subject to warping, whereas limestones 
of non metamorphosed origin do not suffer in this 
way (Winkler 1988). An important textural fea- 
ture affecting the degradation of building stone 
is the porosity, more particularly the pore size dis- 
tribution of the rock material. 
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WEATHERING PROCESSES 

The prevalence of the two components of the 
physicochemical decay of rock material, i.e. chem- 
ical decomposition and mechanical disintegration, 
depends on the climate. Arid climate favors 
mechanical disintegration through expansion and 
shrinkage of the mineral components due to di- 
urnal temperature changes and the rare but sud- 
den and heavy downpours on the rocky surface 
of parched desert, and trough the crystallization 
pressure of salts in the pores and fissures of rock. 

Chemical decomposition is more prominent in hu- 
mid climate. In cold and humid regions, i.e. in 
regions of harsh climate such as in Finland, rock 
is also prone to frost shattering through the 
freezing of moisture in pores and fissures. 

Building stone is also destroyed by biological ac- 
tion in the form of bacteria, algae, lichens and 
fungi, and even by the decomposition of bird drop- 
pings (Attewell & Taylor 1988). 

ACID RAIN 

Chemical decomposition of building stone and 
stone monuments is greatly increased downwind 
from fossil fuel consuming areas. The dissolution 
of air pollutants in water gives rise to acid rain. 
Although rain has always been more or less acid- 
ic due to the dissolution in it of atmospheric CO, 
the acidity has recently increased along with the 
great increase in the atmospheric CO, . The most 
important air-borne pollutants are the oxides of 
sulfur and nitrogen. The main source of the sul- 
furous component is the combustion of bitumi- 
nous coal. According to Attewell and Taylor 
(1988), the burning of 1 tonne of coal produces 
17-52 kg SO,, which is the principal oxide of 
sulfur in the atmosphere. Production of SO, is 
directly proportional to temperature. SO, rapid- 
ly dissolves in atmospheric water to form H,SO,. 
Sulfuric acid is also formed through dissolution 
of SO, to form sulfite ion and then oxidation of 

the sulfite to the sulfate ion. 
Oxides of nitrogen are formed through incom- 

plete burning of fossil fuels. NO, which is the 
nitrogen oxide in combustion gases, reacts with 
ozone to form NO, and 0,. The nitrogen oxide 
either decomposes in sunlight to form NO and 
0, again or oxidizes to nitric acid (HNO,) gas 
which is rapidly removed in rain (Attewell & Tay- 
lor 1988, Winkler 1988). 

The acids of sulfur and nitrogen, together with 
carbonic acid, dissolved in water and/or absorbed 
in soot particles of smog and combined with wa- 
ter vapor are ready to attack exposed stone sur- 
faces. As stated by Attewell and Taylor (1988), in 
certain areas gaseous SO, and nitrogen oxide 
may also damage building stone, and at a faster 
rate than acid rain. This process may operate close 
to the source of generation. 

WEATHERING OF CARBONATE ROCKS 

The most serious effects on building stone of 
the decrease in the pH of rainwater - according 
to Winkler (1987) from 5.6 at the time of early 
civilization to the present value of 4.5, and often 
even below 4-are on carbonate-bearing rocks 
cladding the outer walls of buildings and in Open 
air monuments. Silicate rocks are more resistant 
against this acid attack. The principal reason for 
this divergent behavior lies in the different solu- 
bilities of the two materials; whereas the solubili- 
ty of silica increases abruptly at pH values above 
9, the solubility of carbonate, being practically nil 
at pH values above 7 ,  is directly proportional to 

lowering of both the pH and the temperature or 
the aqueous solvent (Carrol 1970, Winkler 1988). 

The dissolution of carbonate-bearing rock starts 
at the grain boundaries causing rapid dissociation 
of the grain. Fine cracks are developed starting at 
the surface and propagating inward causing de- 
crease of strength together with gradual dilation 
of the fabric along the edge by micro-cracking and 
the increase of water sorption (Winkler 1987, 
1988). 

Acid rain also causes alteration of calcite and 
dolomite to gypsum and epsomite, respectively, 
through the combination of H,SO, with calcium 
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or magnesium carbonate. The sulfate minerals are lor 1988, Nieminen & Uusinoka 1988, Van Gemert 
removed by subsequent washing, and new surface et al. 1988). 
will be exposed for acid attack (Attewell & Tay- 

WARPING OF THIN MARBLE SLABS 

Warping (both concave and convex) of thin 
slabs and panels of Italian white marble has been 
observed on the walls of many buildings and 
monuments (Winkler 1987, 1988). A typical ex- 
ample is seen on the walls of the Finlandia Con- 
cert and Congress Hall in Helsinki (Paarma 1987) 
(Fig. 1) and several other buildings in Helsinki, 
all having claddings of white marble from Carrara. 
According to Winkler (1988), the warping cannot 
so far be tied to environmental conditions. Fur- 
thermore, as stated by Winkler (1988), the snug- 
ness of the pins in the holes of the slabs excludes 
the possibility of plastic flow. Winkler (1987, 1988) 
believes the phenomenon is due to the combina- 
tion of stress relief of locked-in stresses from the 
time the layers of limestone were recrystallized by 
metamorphic processes during their burial in the 
Earth's crust, and expansion - contraction cycles 
of moisture entrapped in the pores. The expanding 
rock dilates its fabric either inward or outward. 
Warping is also promoted by the dislocation 
through transnational gliding in calcite crystals 
along certain lattice planes. 

No warping of nonmetamorphosed carbonate Fig. 1. Stone cladding, Finlandia Hall, Helsinki, with promi- 
nent distortion of marble panels. No warping of the dark gab- rocks is observed (Winkler 1988). Neither do the broic panels (in front below) is observed. 

gabbroic slabs used to clad the socle of the Fin- 
landia Hall suffer from warping (Paarma 1987), ly resistant minerals (as compared with calcite or 
evidently because of the physically and chemical- dolomite) and tight fabric of silicate rocks. 

PORE PROPERTIES 

The porosity, micro-fissuration, and pore size 
distribution affect the behavior of marbles and sili- 
cate rocks under different weathering conditions 
(Lautridou & Seppälä 1986, Paarma 1987, Niemi- 
nen & Uusinoka 1988, Poschlod & Grimm 1988, 
Uusinoka & Nieminen 1988). 

The pores can be grouped into gravity water 
(pore diameter D >  10 pm), capillary water 
(D = 10-1 pm) and adsorption water (D < 1 pm) 
pores (see e.g. Uusinoka & Nieminen 1988). Ta- 
ble 1 gives the values of cumulative pore areas 
(m2/kg) for selected rocks at three pore sizes (d), 
i.e. at 10 pm = boundary between gravity and 

capillary water pores, 1 pm = that between capil- 
lary and adsorption water pores, and 0.01 pm = 
total cumulative pore area at the smallest pore size 
measured. 

Sample 1 represents a Finnish granite. With a 
low cumulative pore area, compact texture and a 
composition of resistant silicate minerals it is high- 
ly resistant against weathering in temperate and 
harsh climates. Its resistivity against acid chemi- 
cal attack is also high. The same is true for most 
silicate rocks: diorites, diabases gabbros, basalts, 
anorthosites etc. Some differences due to miner- 
alogical composition, grain size, porosity etc. exist. 
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Sample 2 is Finnish red arkosic sandstone. With 
its relatively small proportion of larger (gravity and 
capillary water) pores and resistant rnineral clasts 
with siliceous cement, it is one of the most com- 
pact sandstones. As the proportion of larger pores 
increases, the resistance of sandstones greatly 
decreases and crumbling of walls and carvings be- 
comes prominent (cf. e.g. Nieminen & Uusinoka 
1988) (Fig. 2). 

Samples 3-6 represent crystalline marble from 
Carrara, Italy. The porosimetry data is taken from 
Paarma (1987). According to her, sample 3 rep- 
resents a fresh marble plate from Carrara, close- 
ly resembling the marble of the Finlandia Hall. The 
pore properties have been measured from the in- 
terior of the plate. Samples 4 and 5 are from a 
warped (concave) plate from the wall of the Fin- 
landia Hall, the former (4) from the outer (open 
air) side and the latter (5) from the inner (against 
the wall) side of the warped plate. Sample 6 rep- 
resents the inner side of a Finlandia Hall marble 
plate not suffering from warping. All these mar- 
ble samples consist of easily soluble calcite. Its 
solubility is greatly intensified by acid rain, which 
also turns calcite to gypsum (Attewell & Taylor 
1988, Nieminen & Uusinoka 1988). 

The penetration of the solutions into the rock 
seems to depend on the pore size distribution of 
the rock. If the amount of the gravity and capil- 
lary water pores is small the water cannot easily 
penetrate into the rock, and the acids will prob- 
ably be neutralized through the formation of salts 

Table 1. Results of mercury porosimeter tests made to seven build- 
ing Stones. 1 = Finnish granite, 2 =Finnish arkose, 3 = Italian mar- 
ble, fresh plate interior, 4=Italian marble, outer side of a warped 
plate, 5 = the same, but inner side, 6 = Italian marble, non warped, 
u d  plate (inner side), 7=Austrian calcarenite. The numbers indi- 
cate cumulative pore areas A (m2/kg) for selected pore sizes D (pm): 
10 pm = gravity/capillary water pores, 1 pm = capillary/adsorption 
water pores, and 0.01 pm = total cumulative pore area at the smallest 
pore size measured. 

~ o r e  1 2 3 4 5 6 7 
size 

D A A A A A A A  
pm m2/kg ma/kg m2/kg m2/kg m2/kg m2/kg m2/kg 

10 0.15 0.17 0.05 0.70 0.90 0.04 11 
1 0.19 0.2 1.5 10.1 13.9 1.0 32 
0.01 17.6 600 35.7 18.8 21.3 20.0 1450 

on the alkaline surface of the marble. This might 
be the case with sample 6 which has not suffered 
from warping and practically no micro-cracking 
has occurred. The latter is indicated by the simi- 
lar areas of the gravity and capillary water pores 
in samples 6 and 3 (the fresh sample). A great in- 
crease in the areas is apparent in the damaged 
plates (4, 5). Paarma (1987) explains the smaller 
values for sample 4 (exposed part of the plate) as 
due to the polishing of the plate surface, which 
dirninishes the porosity. This might also be the rea- 
son why polished plates usually have a better re- 
sistance than those flamed or bush-hammered 
(Nieminen & Uusinoka 1988). The greater porosity 
of the convex backside part of the plate is due to 
the tension cracks formed during warping (Paar- 
ma 1987). With the growing quantity of gravity 

Fig. 2. Strongly weathered porous sandwone, P. Marie Snezná Church, Olomouc, Czechoslovakia: typical 
of practically any tandstone surface of walls and cawings in buildings older than early 20th century in cen- 
tral Europe 



and adsorption water pores, pollutant solutions 
are able to penetrate deep into the rock (Posch- 
lod & Grimm 1988). In areas suffering from acid 
rain and/or annual freeze and thaw, warping of 
marble slabs promotes the chemical decay and 
physical crumbling of the stone by opening fissures 
to connect the pores and thus allowing the penetra- 
tion of the acid solutions into the rock. Solution 
of carbonate and washing out of the reaction 
products (gypsum etc.) will in turn enlarge the 
pores. These processes finally result in a total dis- 
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integration of the marble texture, a phenomenon 
called "sanding" or "sugaring". 

Sample 7 is a porous limestone - a calcarenitic 
grainstone from Austria. Because of the large pore 
values, fluids can enter deep into these limestones. 
Not being prestressed they do not warp on walls, 
but acid rain and freeze and thaw cycles cause 
rapid crumbling. An example is provided by the 
destroyed walls and intricate carvings of the 
Stefanskirche in Vienna. 
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